Polymer electrolyte membranes for direct methanol fuel cells by PEI HAIQIN
 POLYMER ELECTROLYTE MEMBRANES  





















NATIONAL UNIVERSITY OF SINGAPORE 
2007 
 
POLYMER ELECTROLYTE MEMBRANES  



















A THESIS SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF CHEMICAL & BIOMOLECULAR 
ENGINEERING 
NATIONAL UNIVERSITY OF SINGAPORE 
2007 
ACKNOWLEDGEMENTS 
First of all, I genuinely wish to express my deepest appreciation and thanks to my 
supervisors, Professor Lee Jim Yang and Associate Professor Hong Liang, for their 
intellectually-stimulating guidance and invaluable encouragement throughout my 
candidature as a Ph.D student at the National University of Singapore. Professor Lee’s 
comprehensive knowledge and incisive insight on fuel cell materials as well as his 
uncompromising and prudent attitude toward research and insistence on quality works 
have deeply influenced me and will definitely benefit my future study. His invaluable 
advice, patience, constant encouragement and painstaking revisions of my manuscripts 
and this thesis are indispensable to the timely completion of this project. I am also 
grateful to Professor Hong Liang. His immense background and experience in polymer 
materials enabled me to work through many technical problems smoothly. His selfless 
help was indispensable to the completion of my thesis work.    
I am grateful for the Research Scholarship from the National University of Singapore 
(NUS) that enables me to pursue my Ph.D degree. I am also indebted to the Department 
of Chemical & Biomolecular Engineering of NUS for the research infrastructure support.  
Thanks are also due to my fellow students and researchers in our group, Dr. Yang Jun, 
Mr. Zeng Jianhuang, Miss Liu Fang, Dr. Zhou Weijiang, Mr. Zhang Shuo, Mr. Zhang 
Qingbo, Mr. Yang Jinhua, Mr. Dengda and the laboratory technicians, for all the handy 
helps, technical supports, invaluable discussion and suggestions.  
Last but not least, I am most grateful to my family, especially my parents and my 
husband, for their absolute love, encouragement and support during my struggle for my 
Ph.D’s degree in Singapore.  
 i
TABLE OF CONTENTS 
 
ACKNOWLEDGEMENT   i 
TABLE OF CONTENTS   ii 
SUMMARY viii
LIST OF FIGURES   xi
LIST OF TABLES  xv
LIST OF SCHEMES  xvi
CHAPTER 1 INTRODUCTION   1 
     1.1 Background   1 
     1.2 Objective and Scope of Thesis   3 
     1.3 Organization of This Thesis   6 
CHAPTER 2 LETERATURE REVIEW   9 
     2.1 Fuel Cell   9 
     2.2 The Development of Polymer Electrolyte Membranes  15 
     2.3 Performance Indicators for Polymer Electrolyte Membranes  18 
        2.3.1 Proton Conductivity  18 
        2.3.2 Methanol Crossover  20 
        2.3.3 Water Uptake and Degree of Swelling  23 
        2.3.4 Mechanical Properties  24 
        2.3.5 Other Requirements for PEMs  24 
2.4 Modifications of Nafion® Membrane  25 
 ii
        2.4.1 Bulk Modifications of Nafion® Membrane  25 
        2.4.2 Surface Modifications of Nafion® Membranes  28 
     2.5 Alternative PEMs Materials and Their Composites  30 
        2.5.1 Acid-base Polymer Membranes  30 
        2.5.2 Non-Nafion® based Inorganic-Organic Composite Membrane  34 
        2.5.3 New Polymer Electrolyte Membranes  37 
CHAPTER 3 EMBEDDED POLYMERIZATION DRIVERN 
ASYMMETRIC PEM FOR DIRECT METHAOL FUEL CELLS 
 46 
     3.1 Introduction  46 
     3.2 Experimental   50 
        3.2.1 Materials  50 
        3.2.2 Preparation of Solution-Cast Membranes  51 
        3.2.3 Materials Characterizations  52 
        3.2.4 Water Uptake  54 
        3.2.5 Solvent Etching Test   54 
        3.2.6 Proton Conductivity  54 
        3.2.7 Swelling Tests in Methanol Solution   55 
        3.2.8 Dimensional Changes in Water and Methanol Solution  55      3.3 Results and Discussions  56 
        3.3.1 Structural and Swelling Characteristics of the TCPB Membrane  56 
        3.3.2 Embedded Polymerization-Induced Structural Changes  59 
        3.3.3 Thermal and Mechanical Properties  65 
        3.3.4 Proton Conductivity and Swelling Tests in Methanol    68 
 iii
        3.3.5 Dimensional Stability in Water and Methanol Solutions   71 
     3.4 Conclusion  73 
CHAPTER 4 POLYMER ELECTROLYTE MEMBRANE BASED ON 
2-ACRYLAMIDO-2-METHYL PROPANESULFONIC ACID 
FABRICATED BY EMBEDDED POLYMERIZATION 
 74 
     4.1 Introduction  74 
     4.2 Experimental   74 
        4.2.1 Materials  75 
        4.2.2 Membrane Preparations  75 
        4.2.3 Membrane Characterizations  76 
     4.3 Results and Discussions  81 
        4.3.1 Embedded Polymerization-Induced Membrane Structure  81 
        4.3.2 Water Uptake and Ion-Exchange Capacity (IEC)  82 
        4.3.3 Proton Conductivity  85 
        4.3.4 Methanol Permeability  87 
        4.3.5 Mechanical Properties  89 
     4.4 Conclusion  91 
CHAPTER 5 EMBEDDED HYDROPHILIC NANO-GRANULES WITH 
RADIATING PROTON-CONDUCTING CHANNELS IN A 
HYDROPHOBIC MATRIX    
 92 
      5.1 Introduction  92 
      5.2 Experimental   94 
         5.2.1 Materials   94 
 iv
         5.2.2 Membrane Preparation  94 
         5.2.3 Materials Characterizations  96 
         5.2.4 Water Sorption and State of Water  97 
         5.2.5 Ion Exchange Capacity (IEC)  97 
         5.2.6 Proton Conductivity  98 
         5.2.7 Methanol Permeability 99 
         5.2.8 Viscosity  99 
      5.3 Results and Discussions 100 
         5.3.1 Structure of the AMPS Copolymer-TCPB Blend 100 
         5.3.2 Structure-Dependent Water Uptake and Ion Exchange Capacity  108 
         5.3.3 Proton Conductivity 110 
         5.3.4 Methanol Permeability 114 
      5.4 Conclusion 116 
CHAPTER 6 EFFECTS OF POLYANILINE CHAIN STRUCTURES ON 
PROTON CONDUCTION IN A PEM HOST MATRIX 
118 
      6.1 Introduction 118 
      6.2 Experimental Section 119 
         6.2.1 Materials 119 
         6.2.2 Preparation of Polyaniline 120 
         6.2.3 Preparation of PAn-AMPS-PEM 121 
         6.2.4 Characterizations 123 
      6.3 Results and Discussions 124 
         6.3.1 The Chain Configurations of Polyanilines 124 
 v
         6.3.2 Oxidation State of Polyanilines 128 
         6.3.3 Interaction of PAn Colloidal Particles with P(AMPS-HEMA) 131 
        6.3.4 Promotional Effect of PAn on Proton Transport in the PEM Matrix 135 
      6.4 Conclusion 139 
CHAPTER 7 POLYMER ELECTROLYTE MEMBRANES BASED ON 
CROSSLINKED AMPHIPHILIC COPOLYMERS OF 3-SULFOPROPYL 
METHACRYLATE 
140 
      7.1 Introduction 140 
      7.2 Experimental 142 
         7.2.1 Materials 142 
         7.2.2 Membrane Preparation 143 
         7.2.3 Characterizations of SPM Membranes 146 
         7.2.4 Ion Exchange Capacity (IEC) 146 
         7.2.5 Water Uptake 147 
         7.2.6 Proton Conductivity 147 
         7.2.7 Methanol Permeability 148 
      7.3 Results and Discussions 148 
         7.3.1 Structural Characteristic of the SPM Membranes 148 
         7.3.2 Structure-Dependent Water Uptake and Ion Exchange Capacity 153 
         7.3.3 Thermal Stability 156 
         7.3.4 Proton Conductivity 157 
         7.3.5 Methanol Permeability 160 
      7.4 Conclusion 162 
 vi















This thesis study is aimed at producing proton-conducting polymer electrolyte 
membranes (PEMs) for direct methanol fuel cells (DMFCs), using relatively inexpensive 
monomers or polymers. A number of preparation methods and their variations have been 
explored, with fairly extensive characterizations of the resulting PEMs (Fourier transform 
infrared spectroscopy, thermal gravimetric analysis, scanning electron microscopy, 
differential scanning calorimetry and X-ray photoelectron spectroscopy). The properties 
of most relevance to DMFC applications, especially proton conductivity and methanol 
permeability, were measured and compared with those of Nafion®. 
 
The first method made use of a three-component acrylic polymer blend (TCPB) 
consisting of poly(4-vinylphenol-methyl methacrylate) P(4-VP-MMA), poly(butyl 
methacrylate) (PBMA)  and Paraloid® B-82 acrylic copolymer resins as the methanol 
barrier. 2-acrylamido-2-methyl propanesulfonic acid (AMPS), 2-hydroxyethyl 
methacrylate (HEMA) and poly(ethylene glycol)dimethylacrylate (PEGDMA) were 
introduced to the TCPB matrix and polymerized there using embedded polymerization. 
The resulting membranes had an asymmetric laminar structure, where a hydrophilic 
network of AMPS-HEMA was sandwiched by two external layers with high TCPB 
contents. The two external layers also supported proton conduction in addition to their 
primary function as the methanol blocker. The middle layer was the embedded proton 
source with good water retention property. Low methanol permeability was the primary 
strength of these asymmetric membranes. 
 
 viii
In order to obtain a more homogeneous distribution of the methanol blocking phase and 
the proton conducting phase in the membrane, a hydrophilic copolymer of AMPS, 
HEMA, and 2-hydroxyl-3-(diethanolamino)-propylmethacrylate (DEAPMA) was first 
formed ex-situ. Blend processing was then used to disperse this proton-conducting 
hydrophilic copolymer in TCPB. The resulting PEMs were macroscopically homogenous 
but contained microscopic heterogeneity in the form of dispersed nano-size AMPS 
domains with radiating hydrophilic HEMA-DEAPMA segments in the TCPB matrix, 
forming an overall amphiphilic matrix. The HEMA-DEAPMA segments were used to 
shuttle the proton transport between the AMPS granules. The continuous amphiphilic 
matrix was able to restrict free water uptake and inhibit methanol crossover. 
 
Polyaniline (PAn) produced from two different chemical oxidation methods was also 
used to modify the AMPS-based asymmetric composite membrane prepared by 
embedded polymerization. In comparison with the unmodified composite membranes, the 
PAn modification resulted in a bilayer membrane structure which further improved the 
room temperature proton conductivity of the composite membranes. 
 
PEMs were also fabricated from a new polymeric material based on an ethenyl diamine 
(EDA) crosslinked copolymer network of 3-sulfopropyl methacrylate (SPM), glycidyl 
methacrylate (GMA), acrylonitrile (AN) and 2,2,3,3-tetrafluoropropyl methacrylate 
(TFPM). The molecularly engineered SPM based membranes were highly homogeneous 
and delivered good application properties: a highly effective proton transport between the 
sulfonic acid groups through the proton-sweeping effect of pendent quaternarized 
 ix
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1.1 Background  
 
Among the various forms of energy, electrical energy has the greatest versatility because 
of its ease of transformation into other forms of energy such as heat, light and mechanical 
energy. As society becomes increasingly more dependent on electricity, the need must be 
matched by progress in the development of systems capable of generating and storing this 
energy form directly or indirectly. A fuel cell is an electrochemical device that converts 
the energy in the reaction between a fuel (e.g. hydrogen) and oxygen into electricity with 
minimal heat generation (combustion). It is endowed with some highly desirable 
properties: high energy density; high energy conversion efficiency and a quiet operation. 
A fuel cell is similar to a battery in that it releases the energy in the high energy 
compound (fuel molecules) as electricity via an electrochemical reaction. However, 
unlike a battery, the high energy compound is not stored within the fuel cell but is 
externally supplied. In this way a fuel cell never loses its charge and will generate 
electricity as long as there is supply of fuel and oxygen. Fuel cells have been used for 
stationary power generation as well as for mobile power generation to power cars, trucks, 
and buses. Research and development on fuel cells have been ongoing ever since the first 
fuel cell was demonstrated in the mid 19th century. 
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Among various types of fuel cells, the direct methanol fuel cells (DMFCs) are an 
attractive option for portable and electric vehicle applications because they offer 
advantages such easy refueling and a simplified system design (Gogel, et al., 2004; Yang 
and Manthiram, 2004). The DMFCs work on methanol directly without the need for 
onboard fuel reforming into hydrogen. Their quick start-up characteristics and the ability 
to operate at relatively low temperatures compare favorably with hydrogen polymer 
electrolyte membrane fuel cells (PEMFC). At present, one of the major impediments to 
the commercialization of DMFCs is methanol crossover from the anode to the cathode 
through the polymer electrolyte membrane. Methanol crossover not only wastes fuel but 
also causes performance losses at the cathode due to the creation of a mixed potential and 
catalyst deactivation (Tricoli, et al., 2000; Choi, et al., 2001; Shao and Hsing, 2002). 
While poly(perfluorosulfonic acid) (Nafion®) membranes are the most commonly used 
solid polymer electrolyte in fuel cells, they are not suitable for DMFC applications 
because of their high rate of methanol crossover. In addition, high material cost, difficult 
humidity control and a strong dependence of proton conductivity on water content are 
some of the deficiencies of the Nafion® membranes (Dimitrova, et al., 2002b; Bae and 
Kim, 2003). These drawbacks have prompted the search for alternative membrane 
materials based on partially fluorinated or non-fluorinated ionomers. Most current efforts 
are based on two primary approaches. The first approach is to reform or modify the 
existing Nafion® membranes (Dimitrova, et al., 2002a). The methodologies used are 
highly diverse including phosphoric acid treatment(Wainright, et al., 1995), doping with 
inorganic ions (Tricoli, 1998), formation of Nafion® membrane-based organic-inorganic 
composites (Miyake, et al., 2001b; Kim, et al., 2004d), and in-situ polymerization inside 
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®of the Nafion  membranes (Smit, et al., 2003; Xu, et al., 2005a). However, these 
treatments could only further increase, rather than to defray, the already high material 
cost of Nafion® membranes.  
 
The second approach resorts to the design and synthesis of new polymer electrolyte 
membranes based on polyphosphazenes (Hofmann, et al., 2002), sulfonated polystyrene 
(PS) (Carretta, et al., 2000; Chen, et al., 2004), sulfopropylated polybenzimidazole 
(Kawahara, et al., 2000), sulfonated polysulfone (SPSU) (Lufrano, et al., 2000) or 
sulfophenylation of PSU (Lafitte, et al., 2002), sulfonated polyimide (Woo, et al., 2003; 
Miyatake, et al., 2004; Einsla, et al., 2005; Asano, et al., 2006), sulfonated poly(ether 
ether ketone) (PEEK) (Li, et al., 2003c; Yang and Manthiram, 2003), and sulfonated 
poly(arylene ether sulfone) (Kim, et al., 2004e), or polymer blends such as sulfonated 
polybenzimidazole-polysulfone (PBI-PSU) (Deimede, et al., 2000), sulfonated poly(ether 
sulfone)-SPEEK (Swier, et al., 2005), PBI-PEEK, PSU-PEEK, and etc (Si, et al., 2004). 
These polymers are supposedly cheaper than Nafion® membranes with proton 
conductivities provided by introducing either sulfonic acid groups or phosphoric acid 
groups into the polymer. Although these materials have higher proton exchange 
capacities and lower methanol permeability than that of Nafion® membranes, their weak 
acidity prevents the complete dissociation of protons from the acid groups to participate 
in proton conduction (Si et al., 2004). 
 
1.2 Objective and Scope of Thesis 
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This work is aimed at producing proton-conducting polymer electrolyte membranes 
(PEMs) for DMFC applications, using relatively inexpensive and hydrophilic monomers 
or polymers. A rational molecular design approach was used to produce products that 
combine high proton conductivity, zero electron conductivity, low methanol 
permeability, and high chemical and thermal stability at room temperature. The scope of 
work includes the design and synthesis of polymer systems, membrane fabrication, and 
the evaluation of material properties important to fuel cell applications such as proton 
conductivity, methanol permeability; mechanical strength and thermal stability. In some 
systems new polymeric materials were synthesized as polymer hosts, into which other 
polymer components were added through various preparation protocols to form 
multi-component polymer composites.  
 
There were four parts in this thesis study, all dedicated the development of reliable 
techniques for the preparation of proton-conducting methanol-blocking PEMs. In the first 
part, a three-component polymer blend (TCPB) consisting of 
poly(4-vinylphenol-co-methylmethacrylate) P(4-VP-MMA), poly(butyl methacrylate) 
(PBMA), and Paraloid® B-82 acrylic copolymer resins was deployed as the methanol 
blocking phase. The design was based on the known low solubility of acrylic polymers in 
methanol, with PBMA and the Paraloid® B-82 resins providing a flexible yet structurally 
stable framework for membrane processing. 2-acrylamido-2-methyl propanesulfonic acid 
(AMPS), 2-hydroxyethyl methacrylate (HEMA) and poly(ethylene 
glycol)dimethylacrylate (PEGDMA) were added to the TCPB matrix and polymerized 
there by embedded polymerization. The resulting composite PEMs displayed an 
 4
                 
asymmetric laminar structure. As expected, the composite membranes exhibited lower 
methanol permeability than Nafion® 117, and proton conductivities at room temperature 
in the range of 10-3 -4 ~10 S/cm. The scientific issues involved in polymer synthesis were 
investigated through systematic changes in the preparation details accompanied by 
extensive materials characterizations. 
 
High water uptake and inhomogeneous film structure are some of the disadvantageous of 
the composite membranes prepared above. To counter this embedded polymerization was 
replaced by an ex-situ formed hydrophilic copolymer system consisting of AMPS, 
HEMA, and 2-hydroxyl-3-(diethanolamino)-propylmethacrylate (DEAPMA). Blend 
processing was used to create a dispersed proton-conducting hydrophilic copolymer 
network in TCPB. The resultant PEMs were macroscopically homogenous but contained 
microscopic heterogeneity in the form of dispersed nanosize AMPS domains with 
radiating hydrophilic HEMA-DEAPMA segments in the predominantly hydrophobic 
TCPB matrix, rendering the latter amphiphilic. The polymer blend membranes therefore 
possessed dual functionalities, that is, proton transport took place among the AMPS 
granules through the HEMA-DEAPMA segments, and the continuous amphiphilic matrix 
would restrict free water uptake and methanol crossover.  
 
The room temperature proton conductivity of the composite membranes prepared in part Ι 
was low compared with Nafion®117 membranes. This was addressed in part ΙΙΙ via a 
polyaniline (PAn) modification. PAn was produced by two different chemical oxidation 
methods and dissolved into TCPB matrix. AMPS, HEMA and PEGDMA were added to 
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the TCPB-PAn mixture and polymerized by embedded polymerization. The resultant 
composite PEMs also displayed a laminar structure. The effect of PAn loading and PAn 
oxidization state on the proton conductivity of the modified composite membranes was 
investigated. It was found that PAn could enhance the room temperature proton 
conductivity if its content was below 3% and was present as protonated emeraldine.  
 
In Part IV, PEMs were fabricated from a new polymeric material based on an ethenyl 
diamine (EDA) crosslinked copolymer network of 3-sulfopropyl methacrylate (SPM), 
glycidyl methacrylate (GMA), acrylonitrile (AN) and 2,2,3,3-tetrafluoropropyl 
methacrylate (TFPM). The membrane fabricated from this new copolymer was highly 
homogeneous. The SPM-based membranes were molecularly engineered to deliver good 
application properties, e.g. effective proton transport between the sulfonic acid groups 
through the proton-sweeping effect of the pendent quaternarized piperazine groups had 
resulted in proton conductivities of the order of 10-2 S/cm at room temperature, and low 
methanol passage in a continuous hydrophobic acrylic matrix, where methanol 
permeability of 10-7 cm2/s, one order of magnitude lower than that of Nafion® 117, could 
be realized. 
 
1.3 Organization of This Thesis 
 
The experimental details, results and discussion of the four parts of this thesis study are 
covered in separate chapters. A literature review of recent work on PEMs is given in 
Chapter two, immediately after this introductory chapter. The AMPS-based PEMs are 
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presented in Chapters three through six, with Chapter seven dedicated to the preparation 
and properties of the SPM-based PEMs.  
 
PEMs based on the embedded polymerization of AMPS, HEMA and PEGDMA in the 
methanol-blocking TCPB matrix are discussed in Chapters three and four. Chapter three 
is focused on the detailed experimental procedures, the results of polymerization, 
characterization of the polymer materials and the structure of the resulting PEM. The 
measurements of properties most relevant to fuel cell applications, e.g. water uptake, 
proton conductivity and methanol permeability are discussed in Chapter four. 
 
Chapter five covers the fabrication of polymer blend membranes, using TCPB and the 
AMPS-HEMA-DEAPMA copolymer as hydrophobic and hydrophilic components 
respectively. The detailed experimental procedures, the unique structure of the resulting 
PEMs and fuel-cell related properties are reported in detail.  
 
Chapter six presents the PAn modification of the AMPS-based asymmetric laminar 
PEMs. Two types of PAn were produced by using different chemical oxidation methods, 
and carefully characterized. The preparation of PAn modified PEMs and the 
measurements of their electrochemical properties are covered in detail. The reasons why 
PAn could increase proton conductivity of the PEMs are also given.  
 
Chapter seven is a report on the investigation of crosslinked PEMs derived from poly 
(SPM-GMA-AN-TFPM). The polymerization procedures, characterization of this new 
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copolymer material and the measurements of electrochemical properties of the 
SPM-based electrolyte membranes are discussed in detail. 
 
Chapter eight is the conclusion of this thesis work. It also provides some 











































With increasing concern for the global shortage of fossil fuel, and weather changes due to 
rising CO2 level in the atmosphere, the world is turning to new and revisited technologies 
that can make more efficient use of the fast depleting fossil fuel resources. Fuel cells, 
where the energy in the fuel molecules is converted to electricity without the intermediate 
step of heat generation, are an attractive option because the energy conversion process is 
not subjected to the limitation of the Carnot cycle. This chapter will begin with a brief 
introduction of the fuel cell conversion process, followed by a succinct but fairly updated 
account of recent development in the direct methanol fuel cells (DMFCs), focusing on 
topics which are most relevant to this thesis study: polymer electrolyte membranes 
(PEMs), methanol crossover and the prevailing methods of preparation of PEMs for 
DMFC applications.  
 
2.1 Fuel Cell 
 
The principles of fuel cell were discovered in 1839 by Sir William R. Grove, using the 
reaction between hydrogen and oxygen over a pair of platinum electrodes (Carrette et al., 
2001; Song, 2002). A fuel cell is defined as an electrochemical device in which the 
chemical energy stored in a fuel is converted directly into electricity. A fuel cell consists 
of an anode, to which a fuel (e.g. methanol or H ) is supplied, and a cathode to which an 2
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oxidant (e.g. oxygen or air) is supplied. The two electrodes are separated by a 
proton-conducting electrolyte which can either be a liquid or a solid. The fuel passing 
over the anode is catalytically oxidized to produce electrons and protons. Electrons move 
from anode to cathode through the external circuit (and service an electrical load in the 
process) while protons move through the electrolyte. Electrons, protons and the oxidant 
combine at the cathode to form the reaction products, typically H
 10
In general, fuel cells operate without combustion and are superior to internal combustion 
engines with regard to energy effectiveness, operational safety and the discharge of 
combustion products to the environment. Unlike batteries where the amount of “chemical 
fuel” is limited by the size of the battery, fuel cells in theory never run flat because the 
fuel molecules are continuously fed to the cells (Dillon, et al., 2004). 
 
A variety of fuels can be used with the most common one being hydrogen. Hydrogen can 
be derived from natural gas (methane), ethanol, methanol, landfill gas, and liquefied 
petroleum gas through fuel processing, or from the electrolysis of water. Some of these 
hydrogen precursors can also be used directly in fuel cells, as will be shown later.  
 
2O and CO2 (if a carbon 
fuel is used). 
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*DMFCs are subset of PEMFCs typically used for small portable power applications with a size range of about a subwatt to 100W (Dufour, 1998; 
Carrette, et al., 2001; Song, 2002; Larminie and Dicks, 2003; Sopian and Daud, 2006).  
Table 2.1 Comparison of fuel cell technologies 
 The general design of most fuel cells is similar except for the electrolyte. The five major 
types of fuel cells as defined by their electrolyte are: alkaline fuel cells (AFCs), 
phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs), solid oxide 
fuel cells (SOFCs) and polymer electrolyte membrane fuel cells (PEMFCs). Their main 
features and intended applications are summarized on Table 2.1.  
 
Among the various types of fuel cells, the PEMFCs were the first type of fuel cells that 
found application in the Apollo Lunar Missions, serving as on-board power sources 
(Stone and Morrison, 2002). The most distinctive feature of PEMFCs is the use of an 
ion-conducting polymer (‘ionomer’) to replace the conventional liquid electrolyte. The 




























However, the acceptance of hydrogen fuel cells has been hampered by nontrivial issues 
such as hydrogen storage and refueling. The wide availability and portability of methanol 
as a liquid fuel has made DMFC a very attractive alternative to hydrogen fuel cells. 
Compared to fuel cell systems using hydrogen from methanol reforming, DMFCs have 
the potential of achieving the same or an even higher overall energy conversion 
efficiency (Ren, et al., 2000a; Woo et al., 2003; Siroma, et al., 2004). 
 
A direct methanol fuel cell uses liquid methanol as the fuel and operates at relatively low 
temperatures (<100-150oC). The production of electrical energy is inherently simple, not 
requiring the storage of gaseous fuel or the use of fuel reformers.  
The overall (cell) reaction of a direct methanol fuel cell can be written as:   
           
2223 22
3 COOHOOHCH +→+  
 
which is actually the result of combining the following two half-cell reactions: 
 
−+ ++→+ eHCOOHOHCH 66223        (Anode Reaction) 
OHeHO 22 3662
3 →++ −+          (Cathode Reaction)        
 
Thermodynamics predicts a maximum cell voltage of 1.214V. However, the theoretical 
cell voltage was never realized in practice. Presently there are two major technical 
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 problems that must be overcome before DMFCs can be successfully adopted 
commercially. One problem is the slow methanol oxidation kinetics at the anode where 
better catalysts are needed. The second problem is methanol diffusion from the anode to 
the cathode through the polymer electrolyte membrane (Tricoli et al., 2000). The diffused 
methanol not only contributes to the fuel loss but also interferes with the oxygen 
reduction reaction at the cathode resulting in a substantial loss of the overall cell 
efficiency for a number of reasons: (1) chemical oxidation of methanol at the cathode and 
unwanted consumption of O2, (2) creation of a mixed potential at the cathode which 
lowers the fuel cell potential, (3) poisoning of the cathode by CO, an intermediate of 
methanol oxidation, and (4) excessive water buildup at the cathode (water being produced 
by methanol oxidation) which limits O2 access to the cathode catalyst sites (i.e. flooding) 
(Ravikumar and Shukla, 1996; Cruickshank and Scott, 1998). It is also the main reason 
for the performance of DMFCs being considerably lower than that of hydrogen polymer 
electrolyte fuel cells. 
 
In principles methanol crossover may be reduced in a number of ways (Larminie and 
Dicks, 2003). The four most established methods are given in the following: 
(1) The anode catalyst is made as active as possible with reasonable cost. This is to 
enable high methanol conversion at the anode leaving little un-reacted methanol to 
diffuse through the electrolyte and onto the cathode. 
(2) The fuel to the anode is controlled. Clearly, the lower the methanol concentration at 
the anode, the lower it will be in the electrolyte, and hence at the cathode. 
 14
 (3) Thicker electrolyte membranes than what is normal for PEMFCs are used. This will 
clearly reduce fuel crossover but at the expense of an increased cell resistance. The 
typical membrane thickness in DMFCs is between 0.15 and 0.20mm (Liu, et al., 
2006). 
(4) Modification of the PEMs composition to reduce methanol permeability. A less 
methanol-permeable membrane also improves the dynamics in the fuel cell response 
to rapid changes in the load. 
 
This thesis study is directed at addressing the methanol crossover problem by the last 
method. The following literature review is therefore focused on recent developments of 
methanol blocking PEMs. We will begin the discussion with a general introduction to the 
polymer electrolyte membranes.  
 
2.2 The Development of Polymer Electrolyte Membranes 
 
The success of PEMFCs is owed to a large part to the availability of good polymer 
electrolyte membranes. The first generation membranes used in the sixties were based on 
polystyrene sulfonic acids and were infamous for their degradation problem. They were 
replaced by membranes based on perfluorosulfonic acid ionomers, introduced by DuPont 
in the seventies under the trade name of Nafion® (Costamagna and Srinivasan, 2001). The 
excellent chemical, mechanical and thermal stability of Nafion® and its high proton 
conductivity in the hydrated state makes Nafion® the most ubiquitous fuel cell membrane 
material in use today (Smit et al., 2003). Other commercial perfluorosulfonate ionomer 
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 membranes are used to a much lesser extent; and they include Flemion® from Asahi 
Glass, Aciplex® from Asahi Chemicals and Dow XUS from Dow Chemicals.  
 
The general chemical structure of Nafion® is shown in Figure 2.2. The unique 
combination of negatively charged hydrophilic ions (from sulfonic acid ionization) and a 
hydrophobic fluorocarbon backbone is conducive to ion percolation and hence supports 














Figure 2.2 Chemical structure of Nafion®
 
The cluster-network model is a microstructure model used to describe the fundamental 
relationship between ionomer cluster structure and electrochemical properties of a 
perfluorinated ionomer membrane. As Nafion® contains two incompatible components: a 
hydrophobic fluorocarbon phase and a hydrophilic ionic phase where ion and water 
transport takes place; phase separation occurs in Nafion® upon hydration, resulting in a 
unique structure consisting of aqueous sulfonate ion clusters of ca 4nm diameter 
embedded in a continuous fluorocarbon phase. The clusters are interconnected by narrow 
channels about 1nm in diameter which determine the transport properties (Figure 2.3) of 









1.0 nm  
5.0 nm  
4.0nm 
Figure 2.3 Cluster-network model of Nafion® membrane  
 
The concentration of sulfonic acid in the Nafion® membrane is a fixed quantity 
represented by the equivalent weight (EW), which is defined as the weight of polymer 
that will neutralize one equivalent of base. EW is an important material property since 
many key properties of the ionomer membrane such as ionic conductivity, water uptake 
and degree of swelling depend directly on EW. EW can be measured by Fourier 
Transform Infrared Spectroscopy (FTIR) techniques, elemental analysis of the sulfur 
content, or acid-base titrations. EW (g eq-1) is inversely proportional to the ion-exchange 
capacity (IEC, the amount of ionizable acid groups in a polymer matrix that results in 
proton conduction). 
 
Fast proton transport through the ionic clusters occurs by means of hydrogen bonding 
between the SO -3  groups and water molecules (hopping or Grotthuss mechanism) or in 
form of [H+(H O)2 n] complexes (vehicle mechanism). In the hopping or Grotthus 
mechanism, protons are passed down chains of water molecules through hydrogen bond 
formation and breaking processes. The water molecules are stationary while protons hop 
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 from one water molecule to the other. On the other hand, in the transport by the vehicle 
mechanism, protons do not migrate as H+ + but as [H (H O)2 n] complexes, which then 
diffuse down the concentration gradient intact (Pivovar, et al., 1999; Miyake et al., 
2001b; Kim et al., 2004d).  
 
Nafion® membranes do have some notable deficiencies. The proton conductivity of 
Nafion® membranes depends strongly on humidity because of the hydrophilicity of the 
sulfonate groups attached to the polymer backbone and the need for water to hydrate the 
ionic clusters. Nafion® is therefore unsuitable for fuel cell operating above 100˚C. 
Besides Nafion® has high material cost and is available only in relatively high thickness. 
It is also weak in regard to methanol crossover (Schultz, et al., 2001), and hence is not 
appropriate for DMFC applications. 
 
2.3 Performance Indicators for Polymer Electrolyte Membranes 
 
2.3.1 Proton Conductivity 
 
The oxidation of fuel at the anode generates protons which must be transferred to the 
cathode through the PEMs in order to complete the electrochemical circuit. Hence a high 
proton conductivity of the PEMs is tantamount to good fuel cell performance. Proton 
conductivity is generally obtained by measurements of the resistivity of the PEMs using 
either direct current (DC) or alternating current (AC) methods. Direct current 
measurements represent the most straightforward method to determine the proton 
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 conductivity of polymers. Although their use to date is significantly less than that of 
alternating current (AC) measurements, DC methods can still be of considerable value. 
 
There are two different methods for DC measurements namely the two-terminal and 
four-terminal methods. A test cell is made by sandwiching the PEMs between two 
electrodes. The two-terminal method is only suitable for measuring sample of high 
resistance (above 106 Ω) where the contributions from the leads and the interface between 
electrode and electrolyte are low in comparison. The four-terminal method improves 
upon the two-electrode measurements by reducing the effect of the parasitic resistances, 
and hence is more adept at measuring low resistance unless the material exhibits 
frequency-dependent behavior (Lee, et al., 2005). DC measurements require the use of 
reversible electrodes to prevent unfavorable ion blocking, or inaccurate measurements 
may result. Completely reversible electrodes are, however, difficult to obtain.  
 
Unlike DC measurements, a sinusoidal voltage is applied to the cell in AC measurements. 
A sinusoidal current is output from which the cell impedance (Z) may be calculated. The 
cell impedance is characterized by two parameters: the magnitude which is the ratio of 
the voltage to the maximum current; and the phase angle between voltage and current. 
Generally, both the magnitude and phase angle are frequency dependent. By measuring 
the impedance as a function of the frequency of the applied signal over a wide range of 
values, one can extract useful information about the cell, including the electrolyte 
resistance, the capacitance and the characteristics of the electrode/electrolyte interface 
through the equivalent circuit modeling of the experimental data.  
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To measure the conductivity of the polymer electrolyte membrane, a test cell with two 
blocking electrodes (e.g. stainless steel) is usually constructed. In such cells, the mobile 
species in the electrolytes are not involved in any electrode reaction. The impedance 
response at high frequency represents the bulk resistance of the polymer electrolyte, Rb, 
which is used in the conductivity calculation. It should be noted that because of the 
complexity of real polymer electrolyte systems, care and experience are required to fit the 
impedance plots to suitable equivalent circuits, so that the correct parameters may be 
extracted and analyzed. 
 
2.3.2 Methanol Crossover 
 
As previously mentioned, methanol crossover is a serious problem in the operation of 
DMFCs, and one of the most effective countermeasures is to use PEMs which reject 
methanol permeation. There are two driving forces that cause methanol crossover in 
DMFCs. One is the concentration gradient developed across the membrane (the 
diffusional methanol flux), and the other is electroosmotic drag by which the methanol 
molecules bound to protons are transported to the cathode along with water molecules 
(the convective methanol flux). For Nafion® membranes methanol transport by 
electroosmotic drag is a Hagen-Poiseuille flow that passes through the hydrophilic 
channels consisting of ion clusters, whose sizes are dependent on the EW and  
morphology of the membrane (Kreuer, 2001; Barragan, et al., 2004).  
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 Several methods can be used to determine methanol crossover in DMFCs; including 
infrared (IR) spectroscopy, voltammetry, nuclear magnetic resonance (NMR) and gas 
chromatography (GC) measurements. The rate of methanol crossover may be determined 
by measuring the CO  flux from the cathode effluent gas using an infrared (IR) CO2 2 
sensor. This method is based on the assumption that methanol permeating through the 
membrane is completely oxidized to CO2. This method requires lengthy and careful 
calibration of both the exhaust flow rate and IR CO2 sensor. It is also found that at high 
cell current density the CO2 generated at the anode may permeate through the membrane 
to reach the cell cathode, contributing to an overestimation of the methanol crossover rate 
(Ren, et al., 2000b; Dohle, et al., 2002).  
 
The voltammetric method was developed by Ren and co-workers (Ren, et al., 1995). 
Standard cell hardware and membrane electrode assemblies are used for this procedure as 
in normal DMFC testing. However, an inert gas such as nitrogen instead of air is used at 
the cathode and methanol is fed through the anode. Methanol that diffuses through the 
membrane is oxidized at the cathode and protons are reduced to hydrogen at the anode. 
The mass transfer-limited current measured at the cathode from the plateau of the 
voltammogram is the current equivalent of the methanol flux across the membrane. The 
voltammetric method provides a very accurate measurement of methanol crossover, but 
the drawback is that this method cannot determine the crossover rate directly in an 
operating fuel cell. 
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 Methanol permeability in PEMs could also be determined indirectly by NMR (Every, et 
al., 2005). This method allows the diffusion coefficient of methanol within the membrane 
to be measured using membranes equilibrated in methanol solutions of known 
concentrations. It was recognized that the diffusion of methanol within the membrane is 
considerably slower than the diffusion of methanol in the solution phase (Volkov, et al., 
1995; Volkov, et al., 2000). Thus, NMR pulsed field gradient method was used to exploit 
the difference and to suppress the solution signal, enabling one to observe and measure 
the diffusion coefficient of only the methanol within the membranes. Methanol 
permeability could then be derived from its relationship with methanol diffusion 
coefficient and solubility. By comparison, the NMR method tends to give considerably 
higher values for the diffusion coefficient. 
 
This thesis study used the GC method for the measurement of methanol crossover. The 
method is well discussed in the literature (Tricoli, 1998; Carretta et al., 2000; 
Thangamuthu and Lin, 2005a). The measurements are carried out using a glass diffusion 
cell. One compartment of the cell (A) is filled with a methanol solution while the other 
compartment (B) is filled with deionized water. A fully hydrated membrane is fastened 
between the two compartments and the solutions in the two compartments are kept well 
stirred throughout the measurements. The concentration-driven diffusion of methanol 
from compartment A to B across the membrane is recorded as a function of time using a 
GC, from which the methanol permeability may be calculated. This method gives a 
methanol crossover current related to DMFCs at open circuit and is useful for membrane 
characterization.   
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2.3.3 Water Uptake and Degree of Swelling 
 
The water content in the PEMs is important to fuel cell performance because it affects 
both proton conductivity and methanol permeability. The state of water in particular has a 
strong influence on proton transport properties (Cho, et al., 2004b). Usually water in the 
membrane exists in one or more of the following states: free water, freezing bound water 
and non-freezing bound water. Free water is water that behaves similarly to bulk water. 
Freezing bound water is water that freezes slightly below 0oC due to weak interaction 
such as hydrogen bonding with the hydrophilic groups in the polymer. Non-freezing 
bound water is water that has no detectable phase transition from -73 to 0oC because of 
strong interaction with the sulfonate groups of the polymer (Karlsson, et al., 2002). The 
relative amounts of free and bound waters may be measured by differential scanning 
calorimetry (DSC).  
 
The swelling behavior of PEMs has been a frequent topic of study over the years due to 
its relationship to membrane properties such as proton conductivity and selectivity. 
Membrane swelling results from a complex interplay between the affinity of the polymer 
and ionic sites for polar solvents and the resistance of the membrane’s structure and 
crystallinity to volumetric expansion. The swelling characteristics of the PEMs may be 
evaluated by water uptake measurements (Won et al., 2003b) using the weight difference 










where W  and Wwet dry are the weights of the wet and dried samples, respectively. 
 
2.3.4 Mechanical Properties  
 
It is essential for PEMs to have good mechanical integrity to withstand the membrane 
electrode assembly (MEA) fabrication process, and the compression by bipolar plates in a 
fuel cell stack. The PEM is usually the weakest component in a large fuel cell system. 
The mechanical properties of PEMs are often determined in the dry state by standard 
stress-strain measurements. 
 
2.3.5 Other Requirements for PEMs  
 
In addition to high proton conductivity, low fuel permeability, minimal water/methanol 
transport; low swelling and high mechanical strength; an effective PEM for DMFC 
applications should have the following characteristics: (1) resistance to dehydration; (2) 
resistance to oxidation, reduction and hydrolysis, and (3) low cost (Wakizoe, et al., 1995; 
Gil, et al., 2004; Mukoma, et al., 2004).  
 
Current efforts on the improvement of PEM properties are based on two principal 
approaches: (1) modifications of existing fuel cell membranes, most notably the Nafion® 
membranes; (2) development of new membrane materials that combine all of the 
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 desirable features of Nafion® with low methanol permeability, and use them as the 
alternatives to Nafion®. The following is an account of recent developments by these two 
approaches. 
 
2.4 Modifications of Nafion® Membranes  
 
A number of modification techniques have been used to address the deficiencies of 
Nafion® membranes in fuel cell applications; namely the problem of methanol crossover. 
 
®2.4.1 Bulk Modifications of Nafion  Membrane  
 
Methanol is easily transported through the Nafion® membranes by means of (a) active 
transport together with protons and their solvate water (electroosmotic drag), (b) 
diffusion through the water-filled pores within the Nafion®-structure, and (c) diffusion 
through Nafion® itself  (Schultz et al., 2001). Hence, the embedment of some methanol 
barriers within the Nafion® matrix could be one of the effective approaches to reducing 
methanol crossover while maintaining good proton conductivity. Many Nafion®-based 
films cast with polymeric composites have shown some potential for restricting the 
methanol. Polybenzimidazole (Hobson, et al., 2002) and poly(vinylidene fluoride) 
(PVDF) copolymer/Nafion® blend (Cho, et al., 2005) could also be used as methanol 




 The fabrication of trilayer membranes consisting of a central methanol barrier layer 
(Nafion®-PVDF polymer blend) and two proton conducting layers consisting of  
Nafion® (Kim, et al., 2004c), or a mixture of Nafion® and Zr(HPO )4 2 or SiO2  (Si et al., 
2004), has been reported.  Methanol permeability and proton conductivity were found to 
depend strongly on the PVDF content and the thickness of the barrier layer. In another 
trilayer construction (Yang and Manthiram, 2004), a thin layer of sulfonated poly 
(etheretherketone) (SPEEK) with controlled sulfonation level and thickness was 
sandwiched by two outer layers of recast Nafion®. Methanol crossover was reported to be 
significantly lower. Shao and coworkers (Shao and Hsing, 2002; Shao, et al., 2002) used 
Nafion® 112 membranes as the two outer layers and the middle layer was a film cast from 
a mixture of sulfonated poly (vinyl alcohol) (PVA) and Nafion®. The composite 
membrane reduced the methanol permeation rate by as much as 48%.   
 
®Nafion /polypyrrole composite membranes prepared by in-situ chemical polymerization 
(Easton, et al., 2003; Xu et al., 2005a; Park, et al., 2006; Zhu, et al., 2006) could also be 
used to decrease of the rate of methanol crossover. Polypyrrole was believed to work by 
reducing the pore volume of Nafion®, which resulted in pore constriction, through (a) a 
physical occupation effect (assuming that the Nafion® membrane was not swollen to 
accommodate the polypyrrole) and (b) by the electrostatic interaction between negatively 
charged sulfonate groups of Nafion® and the positively charged polypyrrole cations. 
Polypyrrole was also used by Smit and coworkers (Smit et al., 2003), although this time it 
was deposited  into Nafion® electrochemically. In-situ acid-catalyzed polymerization of 
furfuryl alcohol (PFA) in Nafion® ® membrane  (Liu, et al., 2004), impregnating Nafion  
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 solution in porous polypropylene (PP) (Bae, et al., 2002), polyethylene-terephthalate 
(PETE) film (Shim, et al., 2005) and poly(1-vinylimidazole) (Bae, et al., 2005), were 
some of the variations of this approach. 
 
®In addition, there are also modification schemes by blending Nafion  solution with 
PVDF (Song, et al., 2003), poly(vinylidene fluoride-hexafluoropropylene) 
(P(VDF-co-HFP)) (Cho, et al., 2004a), poly(tetrafluororethylene) (PTFE) (Lin, et al., 
2005), fluorinated ethylene-propylene resin (FEP) (Lin, et al., 2006) and poly(4-vinyl 
pyridine) (P4VP) (Woong, et al., 2006), by a multilayer construction of 
clay-nanocomposite thin film deposited on the Nafion® membranes (Kim, et al., 2004b), 
by grafting styrene onto Nafion® membrane using radical polymerization in a 
supercritical carbon dioxide solvent (Sauk, et al., 2004). 
 
®Sol-gel derived Nafion /silica hybrid membranes (Miyake et al., 2001b; Miyake, et al., 
2001a) were also investigated as a potential polymer electrolyte for DMFCs. Because the 
≡ SiOH groups absorb water well, the hybrid membrane had a higher water content than 
unmodified Nafion® membrane under similar operation conditions. In addition, the 
hybrid membrane displayed a greater affinity for water than methanol, and a significant 
lower methanol permeation rate was obtained at a silica content of ~20 wt%. However, 
the proton conductivity of the hybrid membrane was somewhat lower than the 
unmodified Nafion® ® membrane. Hybrid Nafion -silica membranes doped with 
heteropolyacids (PWA or SiWA) were prepared and improvements in DMFC 
performance was reported (Staiti, et al., 2001; Xu, et al., 2005b). 
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In some other attempts, inorganic additives, for example, silicon dioxide particles and 
molybdophosphoric acid (Dimitrova et al., 2002a; Dimitrova et al., 2002b), ORMOSIL 
(Kim et al., 2004d), heterropolyacid (HPA) (Ramani, et al., 2004), TiO2 nanometric 
powders (Baglio, et al., 2004) and hydroxyapatite (Park and Yamazaki, 2005) were used 
to modify the Nafion® membrane. However, both the methanol permeation rate and ionic 
conductivity were decreased after the modification.  
 
2.4.2 Surface Modifications of Nafion® Membranes  
 
Treatment of the native surface of the Nafion® film to produce a thin methanol 
impermeable barrier has also been proposed. The pore size in the surface layer can in 
principle be reduced to allow the selective passage of the smaller water molecules, while 
the passage of the larger methanol molecules would be restricted (Hobson, et al., 2001).  
 
It is known that methanol diffuses primarily through the water-rich domains. Thus, 
control of the pore morphology in the water-rich domains must affect the rate of 
methanol crossover. Choi and coworkers (Choi et al., 2001) reported a new method for 
reducing methanol crossover by the plasma-modification of the membrane surface and 
palladium-sputtering. The modification resulted in a decrease in the pore diameter, an 
increase in the methanol permeation length, and a decrease in the hydrophilicity of 




Yoon and coworkers (Yoon, et al., 2002) prepared composite polymer electrolyte 
membranes by the sputtering deposition of Pd films on the surface of neat Nafion® 
membranes. The Pd film served well as a barrier for methanol crossover, but it also 
reduced proton conductivity. Sputtering deposition was also used to coat a thin Pd-Ag 
alloy film on the surface of the Nafion® membranes (Ma, et al., 2003) and the result was 
better than that of Pd. The inclusion of a Pd nanophase within the Nafion® membrane was 
another method to control the methanol crossover (Kim, et al., 2003a). Recently, Tang 
and coworkers (Tang, et al., 2005a; Tang, et al., 2005b) reported a modification method 
by means of alternately assembling Pd nanoparticles and Nafion® ionomers onto Nafion® 
membranes. Such a modification would allow the selective transport of smaller water 
molecules or protons, while the passage of the larger methanol molecules would be 
hindered. Unfortunately, the composite film assembled as such led to an increase in the 
overall cell resistance. The dispersed Pd particles obtained through ion exchange and 
reduction also affected the microstructure of the Nafion® membrane, resulting in reduced 
cell performance and stability. 
 
Hobson et al.(Hobson et al., 2001) exposed Nafion® 117 films to a low dose of electron 
beam (EB) irradiation at an accelerating voltage of 35KV. Their results showed an 
effective reduction in methanol crossover. In terms of overall DMFC performance 
(maximum power output), improvement of up to 51% was claimed in comparison to the 
use of untreated Nafion® 117.  
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 In conclusion, in the above bulk and surface modifications of Nafion® membranes, low 
methanol permeability could only be achieved at the expense of proton conductivity, 
which necessitates the use of thinner membranes to maintain a low membrane sheet 
resistance. This, however, has the effect of partially or completely negating the barrier 
strength of the low methanol permeation materials. 
 
2.5 Alternative PEM Materials and Their Composites 
 
The success of Nafion® is based on a molecular structure which combines a chemically 
inert hydrophobic matrix with hydrophilic sulphonic acid clusters interconnected by the 
pore structure. A different polymer matrix can in principle be chosen based on its native 
methanol rejection properties, and subsequently sulphonated or doped with inorganic 
acids to impart the hydrophilicity needed for proton transport. The alternative PEMs may 
be classified by the polymeric materials used for their fabrication into:  (1) acid-base 
polymer membranes; (2) non-Nafion® based inorganic-organic composite membranes; 
(3) new hydrocarbon polymer electrolyte membranes. 
 
2.5.1 Acid-base Polymer Membranes 
 
2.5.1.1 Inorganic Acid-base Polymer Membranes 
 
Acid-base complexation may be used to produce new PEMs for the DMFCs. Polymers 
bearing basic sites such as ether, alcohol, imine, amide or imide groups can react with 
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 strong acids such as phosphoric acid or sulfuric acid. The basicity of polymers enables 
the establishment of hydrogen bonds with the acid. In other words, the basic polymers act 
as a solvent in which the acid undergoes dissociation to some extent (Li, et al., 2003d). 
Among the strong inorganic acids, H PO  and H SO3 4 2 4 exhibit good proton conductivity 
even in the anhydrous (100%) form because of their self-ionization and self-dehydration 
ability (Lassegues, et al., 2001). When a basic polymer is present, the interaction between 
these acids and the polymer through hydrogen bonding or protonation would increase the 
acid dissociation compared to that of anhydrous acids. Since the proton-conductive 
pathway is controlled by a suitable molecular assembly between acidic and basic 
moieties, a higher proton conductivity could be obtained. 
 
Polybenzimidazole (PBI) (Figure 2.4) is a polymer which has both donor and acceptor 
hydrogen bonding sites. Its rigid structure gives rise to high thermal stability, chemical 
resistance and mechanical strength. These properties make PBI valuable for fuel cell 
applications. Wainright et al (Wainright et al., 1995) suggested PBI as a polymer 
electrolyte when doped with an amphoteric acid such as phosphoric acid or sulfuric acid. 
They reported excellent oxidative and thermal stability, and good flexibility for the 
acid-doped PBI membrane at elevated temperature (200°C). Good proton conductivity 
was also recorded at elevated temperatures, with almost zero electro-osmotic drag and 
low methanol permeability. Mecerreyes et al. (Mecerreyes, et al., 2004) reported new 
porous PBI proton conducting polymer electrolytes that were prepared by leaching out 
the low-molecular-weight porogen from the porogen/polymer mixtures using a selective 
solvent for the former. High room temperature proton conductivity was easily obtained 
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 POby soaking the films in concentrated H3 4. Asensio et al. (Asensio, et al., 2004b; 
Asensio, et al., 2004a) prepared polymer electrolyte membranes based on phosphoric 
acid-impregnated poly(2,5-benzimidazole) (ABPBI). These membranes showed high 
thermal stability and good proton conductivity at temperatures up to 200oC. 
Unfortunately, in order to provide sufficient ionic conductivity, the amount of phosphoric 
acid in the membrane must exceed several times the amount of basic groups in PBI. The 
wash-out of phosphoric acid is a possible occurrence which causes the membrane 











Figure 2.4 Chemical structure of polybenzimidazole (PBI) 
 
PBI has some notable processing problems arising from its poor solubility and 
infusibility. The modification of the PBI structure to impart solubility without sacrificing 
the desirable properties of PBI has been the focus of intensive work. Research is being 
carried out to increase solubility through the modifications of the polymer backbone and 
side chain. Because of the reactive NH group in the imidazole rings, it is easy to 
introduce various side chains, such as alkyl groups. Pu et al.(Pu, et al., 2004) reported 
electrolyte membranes based on phosphoric acid-doped poly(N-ethylbenzimidazole) and 
poly(N-methylbenzimidazole). Experimental results showed that these membranes were 
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 good methanol barrier and their proton conductivity increased with increasing doping 
levels and temperatures.  
 
Li and coworkers (Li, et al., 2003a) prepared a new composite membranes based on poly 
(vinyl alcohol) (PVA) and phosphotungstic acid (PWA). The embedment of PWA in 
hydrophilic polymer matrix is expected to endow the composite membrane with high 
proton conductivity, while retaining the desirable mechanical properties of the polymer 
membranes. The methanol permeability of these composite membranes is about 10-7 
cm2 ®/s, which compares favorably with the Nafion  membranes. 
 
2.5.1.2 Organic Acid-base Polymer Membranes 
 
Flexible ionomer networks can be prepared from acid-base interaction by ionic 
cross-linking of polymeric acids and polymeric bases. The commonly used acidic 
polymers are sulfonated polysulfone (SPSF), sulfonated polyethersulfone (SPES), or 
sulfonated polyetheretherketone (SPEEK), and the basic polymers are PBI, 
polyethyleneimine (PEI) and poly (4-vinylpyridine) (P4VP). The acid-base blends show 
the interaction between the blend components (Walker, et al., 1999). For example,  
 
-+H + Polymer-NHPolymer-SO3 2           Polymer-SO H N-Polymer 3 3
 
Acid-base polymer blend membranes based on PBI/polysulfone (PSU) (Deimede et al., 
2000), polystyrene sulfonic acid (PSSA)/(PVDF)/poly(vinylpyrrolidone)(PVP) (Chen and 
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 Hong, 2002), PSSA/PVDF (Prakash, et al., 2004), poly(ethylene-tetrafluoroethylene) 
(ETFE)/PVDF/polyethylene (LDPE)/PSSA (Shen, et al., 2005) and SPEEK/PVP (Wu, et 
al., 2006) have been investigated. The blend membranes showed excellent chemical and 
thermal stability, good proton conductivity and low methanol crossover in DMFCs.  
 
Bozkurt et al. (Bozkurt, et al., 2003) obtained proton conducting polymer electrolytes by 
trapping imidazol (Im) in polyacrylic acid (PAA). The nitrogen sites of imidazol acted as 
strong proton acceptors thus forming proton charge carriers. Hence, with increasing Im 
content, the glass transition temperature decreased while their proton conductivity 
increased, reaching 10-3 S/cm at 120 °C. Similarly, Smitha and coworkers (Smitha, et al., 
2004) synthesized polyelectrolyte complex membranes by reacting cationic chitosan (CS) 
with anionic PAA. The membrane blends with 50 wt % of CS and 50 wt% PAA was 
identified as ideal for DMFC applications and exhibited good performance in DMFCs. 
 
Recently, SPEEK/polyaniline (PAn) composite membranes were prepared and 
characterized for DMFC applications (Roeder, et al., 2005; Li , et al., 2006). Hydrogen 
bonding between the sulfonated acid groups and amine groups occurred in the blend of 
SPEEKK with amine group polymers. These membranes showed more compact structure 
than pristine SPEEKK, which may lead to the decrease of methanol diffusion. 
 
2.5.2 Non-Nafion® based Inorganic-Organic Composite Membrane 
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 Besides Nafion®, other sulfonated hydrocarbon polymers have also been used as the host 
matrix for preparing inorganic-organic composites for fuel cell applications. 
Organic-inorganic composite membranes are of immense interest because they combine 
in a single solid both the attractive properties of a mechanically and thermally stable 
inorganic backbone and the specific chemical reactivity and flexibility of the organic 
functional groups. Extensive efforts have been made to develop inorganic-organic 
composite membranes based on solid inorganic proton conductors. Table 2.2 summarizes 
these developments with some brief comments. While some of the membranes in Table 
2.2 have allegedly good conductivities at temperatures above 100°C, they have not been 















 Table 2.2 Summary of inorganic-organic composite membranes under development 
Organic 
component 
Inorganic component Comments Reference 
PEO GPT-SiO2; STA 10-1 S/cm at 100%RH of 100°C (Park and Nagai, 2001) 
PBI SiO2, PWA 1.4~1.5×10-3S/cm at 100%RH of 90°C~150°C  (Staiti, et al., 2000) 
PEO, PTMO PWA 10-2 S/cm at 140°C  (Nakajima, et al., 
2002; Honma, et al., 
2003) 
PEO SiO2, MDP/PWA 10-4 S/cm at 160°C (Honma, et al., 1999) 
-4PEO, PPO, 
PTMO 
SiO2, PWA Td=250°C, 10  S/cm at 160°C (Honma, et al., 2001) 
SPEEK Laponite and MMT (3-3.5) × 10-3 S/cm at RT; reduced methanol 
crossover 
   (Chang, et al., 
2003) 
s-PEK MoPA, TPA, 
ZrO
High proton conductivity; reduced methanol 
crossover 
(Ponce, et al., 2003) 
2/RSiO3/2
SPEK, SPEEK ZrO2, zirconium 
phosphate 
Achieved good balance of high conductivity and low 
methanol permeability 
(Nunes, et al., 2002; 
Silva, et al., 2005) 
PDMS Zirconium oxide; 
PWA 
5×10-5 S/cm at 150°C (Kim and Honma, 
2003) 
GPTS, SPS TEOS, H3PO 1.6×10-3 S/cm at 100°C without humidity; 
3.6×10
(Li and Liu, 2003) 4
-2S/cm at 120°C with 15%RH 
PVDF Al2O High and stable conductivity; low methanol 
crossover 
   (Navarra, et al., 
2003) 
3
PVDF SiO Low methanol crossover; stable cell performance up 
to 900h 
(Blum, et al., 2003) 2
PVA SiO2, sulfosuccinic 
acid 
10-3~10-2 S/cm, low methanol permeability (Kim, et al., 2004a) 
PVA APES, H3PO Excellent methanol barrier, good stability (Binsu, et al., 2005) 4
PVA PAA, silica 10-3~10-2 S/cm, methanol permeability is ranged 
between 10
(Kim, et al., 2005) 
-8 and 10-7 cm2/s 
SPEEK Organic-MMT 1.2×10-2 S/cm at 90oC, decrease methanol 
permeability 
(Zhang and Zhou, 
2005) 
sPPEK Silica nanoparticle Low methanol crossover, better fuel cell 
performance 







 2.5.3 New Polymer Electrolyte Membranes 
 
Currently there is increasing interest to use a variety of polymers having alkyl and aryl 
backbones as membrane materials for fuel cell applications. Sulfonated polymers can be 
prepared in the form of free acid (-SO - +H), a salt (-SO Na ) or an ester (-SO3 3 3R) (Smitha, 
et al., 2003). With proper design and synthesis, hydrophilic regions can be created around 
the side chains to promote proton conductivity in a generally hydrophobic polymeric 
matrix. The introduction of sulfonic acid groups can be realized either by direct 
sulfonation of the parent polymers or by polymerization of sulfonated monomers. In 
direct sulfonation, concentrated sulfuric acid, chlorosulfonic acid, pure or complex sulfur 
trioxide, and acetyl sulfate are some of the common sulfonating agents. 
 
2.5.3.1 Polymer Electrolyte Membranes based on Sulfonated Aromatic Polymers 
 
While Nafion® still dominates the market at present, non-fluorinated materials are under 
investigation in many institutions worldwide aiming to reduce cost and to overcome 
technical drawbacks of Nafion® such as high methanol crossover. From the 
non-fluorinated polymers, highly aromatic structures are preferred due to their high 
stability. 
 
Different variants of sulfonated polyetherketones as alternative electrolyte membranes 
have been described in the literature: poly(ether ether ketone ketone)(PEEKK) (Kreuer, 
2001; Li, et al., 2005), poly(phthalazinone ether ketone) (PPEK) (Gao, et al., 2003a) and 
 37
 poly(ether ether ketone) (PEEK) (Li, et al., 2003b; Gil et al., 2004; Xing, et al., 2004; 
Vetter, et al., 2005; Jiang, et al., 2006; Zhang, et al., 2006). Among them, membranes 
based on the aromatic PEEK (Figure 2.5) are most promising because of their good 
thermal stability and mechanical properties. Yang and coworkers (Yang and Manthiram, 
2003) evaluated the use of SPEEK membranes for DMFCs. For a ~50% degree of 
sulfonation, the SPEEK membranes exhibited electrochemical performance comparable 
to or exceeding that of Nafion® at 65°C. However, the mechanical properties of PEEK 
tend to degrade after sulfonation, which makes the long term stability of highly 
sulfonated polymer questionable. In addition, for the improvement of the proton 
conductivity of PEEK, several heteropolycompounds (acids and their salts) and 
polyetherimide doped with inorganic acids were included as a separate phase. For 
example, Milhailenko et al. (Milhailenko, et al., 2001) prepared sulfonated PEEK 
polymer electrolyte membranes with BPO4 as an added component. The conductivities of 
these membranes greatly exceeded that of the pure SPEEK membranes. Since highly 
sulfonated PEEK swells strongly in water and becomes soluble if the sulponation degree 
is high enough, cross-linking was used to increase the mechanical strength of the 
membranes and to reduce swelling by water (Mikhailenko, et al., 2004). Recently, Ren et 
al.(Ren, et al., 2005) modified sulfonated PEEK membranes by immersing them in the 
Nafion®-containing cast solutions. It was found that the proton conductivities of the 
composite membranes exceeded that of the SPEEK membrane under the same condition. 
However, the methanol permeability of composite membranes was higher than that of the 





















Figure 2.5 Chemical structure of PEEK and SPEEK 
 
It is thought that sulfonated polyimide (SPI) (Figure 2.6) can be one of potential 
candidates because the polyimide units form a dense internal network structure that could 
be used to control methanol permeability and sulfonic acid groups may be introduced to 
the polymer chains to increase hydrophilicity and to facilitate the conduction of protons. 
Furthermore, polyimide is thermally stable, mechanically strong and chemically resistant. 
SPI membranes were experimented for DMFCs (Fang, et al., 2002; Guo, et al., 2002; 
Woo et al., 2003; Yin, et al., 2003; Guo, et al., 2004; Miyatake et al., 2004; Watari, et al., 
2004). The SPI membranes showed relatively high proton conductivity and extremely 
low methanol permeability. The major drawback of sulfonated polyimide-based 
membranes is their poor hydrolytic stability (Yang, et al., 2005). Current work is 






























Figure 2.6 1, 4, 5, 8-naphthalenetetracarboxylic dianhydride (NTDA)  
-based sulfonated polyimide 
 
Sulfonated phosphazene polymers have also received attention as alternative polymeric 
materials for fuel cell applications. Polyphosphazenes are inorganic/organic polymers 
with a backbone consisting of alternating phosphorous and nitrogen atoms and organic 
sides groups (Figure 2.7). Unlike hydrocarbon polymers, polyphosphazenes are generally 
resistant to both thermal and chemical degradation, which makes them a viable 
alternative to fluoropolymer materials in fuel cells (Chalkova, et al., 2002). Some of the 
most thermally and chemically stable polyphosphazenes bear aryloxy side groups and 
these, in turn, can be functionalized to introduce acidic units and be fabricated into  
electrolyte membranes (Allcock, et al., 2001; Allcock, et al., 2002a; Allcock, et al., 
2002b; Zhou, et al., 2003). These membranes showed high proton conductivity (10-2 -1~10  








Figure 2.7 General structure of a polyphosphazene 
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 Guo et al. (Guo, et al., 1999) prepared sulfonated and crosslinked poly[bis 
(3-methylphenoxy) phosphazene] (SPOP) (Figure 2.8)-based electrolyte membranes. It 
was found that the methanol permeability was very low (≤1.2×10-7cm2/s). However, their 
proton conductivity was 30% lower than that of Nafion® membranes. Carter and 
coworkers (Carter, et al., 2002) produced proton-exchange membranes which were based 
on blends of SPOP and polyacrylonitrile (PAN, a tough, uncharged, and hydrophobic 
polymer). MEAs with SPOP/PAN membranes worked well, delivering a power output 
matching that of Nafion® 117, and the methanol crossover was three times lower than that 
of Nafion®. Wycisk et al. (Wycisk, et al., 2005) prepared blend membranes consisting of 
poly[bis(phenoxy)phosphazene] and PBI. The methanol crossover was 2.6 times lower 














Figure 2.8 Chemical structure of poly[bis(3-methylphenoxy)phosphanzene 
 
Carretta et al. (Carretta et al., 2000) prepared proton conducting materials based on 
sulfonated poly (styrene) (SPS) with different sulfonic acid group densities. The 
membranes cast from some of these materials displayed proton conductivity as good as 
the Nafion® membranes. The methanol permeability of the SPS membranes was about 
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 70% lower than Nafion®. However, SPS is not chemically stable and the life time of 
these materials in DMFCs is a great concern. 
 
Sulfonated poly (2, 6-dimethyl-1, 4-phenylene oxide) (SPPO) membranes have also been 
made (Vishnupriya, et al., 2002; Bouzek, et al., 2003). The ion exchange capacity and 
transport properties of the SPPO membranes with 30% degree of sulphonation or higher 
were comparable to those of Nafion® membranes. The chemical stability of the 
sulfonated polymer could be improved by using a cross-linking component, such as PBI 
or poly (2-butylaniline) (PBA). Jung et al. (Jung, et al., 2004) reported sulfonated 
polystyrene and SPPO blend membranes. These blend membranes exhibited relatively 
higher proton conductivity and methanol permeability than those of single component 
SPS and SPPO respectively.  
 
The desired PEM properties for DMFCs in terms of proper hydrophobic-hydrophilic 
balance, can also realized through polymer blends. For example, Wu et al. (Wu, et al., 
2002) have produced the PVA-polystyrene sulfonic acid (PSSA) blend membranes. 
Compared to Nafion® 117, the PVA-PSSA blend membranes showed higher resistance to 
methanol crossover but at the expense of a lower proton conductivity. Bashir et al. 
(Bashir, et al., 2005) produced polymer blend membranes based on hydrogenated 
poly(butadiene-styrene) (S-HPBS) and ethylene-propylene diene monomer (EPDM). 
These membranes had good prospects in the areas of methanol permeability and physical 
stability, although proton conductivity and power density need to be improved. Polymer 
blends based on SPEEK and poly(ether sulfone) (PES) have been prepared as PEMs and 
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 characterized by Swier et al (Swier et al., 2005). These blend membrane showed lower 
swelling and better stability than the parent SPEEK. 
 
Composite membranes obtained by grafting polymers were also introduced. For example, 
polypropylene (PP)-g-sulfonated polystyrene (SPS) composite membranes (Bae and Kim, 
2003) were prepared by grafting polystyrene on microporous polypropylene membranes 
vis plasma-induced polymerization. While both the ionic conductivity and the methanol 
permeability coefficient increased with the extent of grafting, the characteristic factor 
( 1000×=Φ
P
σ , where σ is proton conductivity and P is methanol permeability), a 
parameter used to evaluate the overall membrane performance considering both proton 
conductivity and methanol permeability was the same as that of Nafion®.  
 
In addition to the membrane materials described above, another class of polymeric 
materials of interest to electrolyte development is block copolymer ionomers. Block 
copolymer ionomers consist of a highly ordered sequence of ionic and non-ionic blocks 
quite unlike the case of random ionomers, where the ionic groups are randomly placed 
along the polymer chains. Several block copolymer ionomers, such as poly(arylene ether 
sulfone) (Kim, et al., 2003b), sulfonated polystyrene-(ethylene-butylene)-styrene 
(sSEBS)(Won, et al., 2003a), sulfonated poly(styrene-isobutylene-styrene) (S-SIBS) 
(Elabd, et al., 2003), sulfonated poly(styrene-b-butadiene-b-styrene) (SBS) (Won et al., 
2003b), and poly(arylene ether slufones)-b-carboxyl terminated polybutadiene (Zhang, et 
al., 2005) have been synthesized and characterized. They show potential as an alternative 
polymer electrolyte membrane for several reasons. First, the non-ionic block can be 
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 designed to be a barrier for methanol, and second, block copolymer ionomers have the 
ability to self assemble into unique nanostructured aggregates. However, low methanol 
permeability is delivered at the expense of proton conductivity.  
 
2.5.3.2 Polymer Electrolyte Membranes based on Alkyl Polymers 
 
Besides the abovementioned sulfonated aromatic polymers, some alkyl hydrocarbon 
polymers have also been investigated as candidates for polymer electrolyte membranes. 
These polymers are cheaper and more easily recyclable. More importantly, alkyl 
monomers with polar groups (-SO3H group) also dispose of the need for sulfonation after 
polymerization. The sulfonate groups in the polymer chains can absorb water over a wide 
temperature range. Since the extent of membrane hydration is a critical factor in 
determining conductivity, the ability of a membrane to absorb and maintain significant 
amounts of water should improve ionic conductivity and stabilize cell operating 
performance. 
 
Walker (Walker, 2002) chose hydrophilic 2-acrylamido-2-methylpropanesulfonic acid 
(AMPS) monomer as a possible candidate for new electrolyte membranes because it was 
found that this polymer may be more tolerant to fluctuations in water content and drying 
and might maintain an ionic conductivity better than Nafion® under conditions of low 
water content. 2-hydroxyethyl methacrylate (HEMA) was chosen as the copolymer that 
will provide structural stability and rigidity. Experimental results showed AMPS-HEMA 
copolymer was a good ionic conductor. However, some physical properties need to be 
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 improved. For instance, the polymer in the dry state is too brittle for handling and 
processing of the MEA.  
 
Walker (Walker, 2004) used an interpenetrating polymer network (IPN) formed between 
AMPS, HEMA and PVA as the material for PEMs. Methanol permeability and swelling 
behavior were controlled by the extent of PVA crosslinking. Methanol absorption was the 
lowest for IPN with the lowest degree of PVA crosslinking, while the swelling 
characteristics were best with a more complete crosslinking. Excessive crosslinking, on 
the other hand, increased stiffness and decreased the mechanical stability of the hydrated 
films.  
 
Recently, polymer electrolyte membranes based on PVA/PAMPS/PVP blends (Qiao, et 
al., 2005) and PVA/PAMPS/PEG400 blends (Hamaya, et al., 2006) were also suggested. 
Excellent proton conductivity (0.02~0.083 S/cm) and low methanol permeability (one 
third or one-fifth as low as that of Nafion®) were shown. The mechanical properties of 
these membranes were however not measured.  
 
It should be noted that membrane stability is a major challenge for alkyl hydrocarbon 
polymers. There have been no reports about their fuel cell performance until recently. It 
appears that further improvements are still needed to bring the performance up to the 




 CHAPTER 3 
 
EMBEDDED POLYMERIZATION DRIVEN 




A typical DMFC consists of a fuel electrode and an air electrode with a polymer 
electrolyte membrane (PEM) between them. The PEM functions as the electrode 
separator in addition to its primary role as a continuous medium for proton conduction 
(Elabd et al., 2003). Membranes which are based on sulfonated perfluoro oligomers 
(Nafion®) have been ubiquitously used in hydrogen fuel cells. However, Nafion® 
membranes are unsuitable for DMFCs because the sulfonated perfluoro matrix is easily 
swollen by methanol, allowing methanol to easily crossover from the anode to the 
cathode. The resulting loss of fuel, increased polarization at the cathode, and cathode 
catalyst deactivation would then combine to cause a substantial reduction in the fuel cell 
efficiency (Jorissen, et al., 2002). Hence, the development of a methanol-resistant proton 
conducting PEM is crucial to the commercialization of DMFCs. 
 
Many strategies have been proposed to address the methanol permeation issue. In these 
methods, proton conduction channels are formed in these polymer matrixes through the 
association of pendant sulfonic acid groups. Consequently only the unsulfonated 
segments can inhibit the passage of methanol molecules. Since the sulfonated segments 
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 constitute the continuous phase while the unsulfonated segments the dispersed phase 
when the polymer matrix is hydrated, there is no effective mechanism to stop the passage 
of methanol through the hydrophilic channels.  
 
We envisage that a membrane formed by interlocking high molecular weight hydrophilic 
and hydrophobic phases (Scheme 3.1) as a possible solution to reduce the methanol 
passage while maintaining sufficient proton conductivity. This is because a continuous 
hydrophobic phase, when established, is able to prevent the coalescence of the 



















































Scheme 3.1 Asymmetric laminar structure designed for PEMs 








In this chapter, a three-component acrylic polymer blend (TCPB) consisting of poly 
(4-vinylphenol-co-methyl methacrylate) P(4-VP-MMA), poly (butyl methacrylate) 
(PBMA) and Paraloid® B-82 acrylic copolymer resin is used as the methanol-barrier. 
Simultaneously, 2-acrylamido-2-methyl propanesulfonic acid (AMPS), which is more 
able to maintain ionic conductivity under condition of low water content than Nafion® 
(Walker, 2004), is used to form a random copolymer with 2-hydroxyethyl methacrylate 
(HEMA). In the latter copolymer, the HEMA units are essential for establishing a 
hydrophilic matrix while the AMPS units supply the protons. However, the 
AMPS-HEMA copolymer is almost impossible to disperse in TCPB (Scheme 3.2) 
because of the immiscibility between the two polymer systems. 
 
An embedded polymerization procedure was therefore employed to circumvent this 
apparent difficulty. In this procedure, AMPS and HEMA, as well as a crosslinking 
oligomer, poly (ethylene glycol) dimethylacrylate (PEGDMA), are added to the TCPB 
matrix during membrane casting. After the room temperature evaporation of the volatile 
solvent, free-radical copolymerization of the monomers and the crosslinker is initiated at 
100oC by benzoyl peroxide while the membrane is cured under N2 atmosphere. A 
uniform semi-transparent membrane is formed, which shows the asymmetric laminar 
structure of Scheme 3.1 when examined by electron microscopy. Although several 
embedded polymerization processes have been developed previously to implant inorganic 
nanoparticles (e.g. ZnO or SiO2 (Haraguchi, et al., 1998; Shim, et al., 2002)), and organic 
conducting polymers (e.g. polyaniline (Hopkins, et al., 2004)) into a variety of polymer 
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 hosts, the use of embedded polymerization to induct a hydrophilic copolymer network 
into a hydrophobicity-dominating matrix has not been reported. The tri-layer structure of 
a proton-conducting layer sandwiched between two methanol barrier layers was found to 
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Scheme 3.2 Membrane preparation flow sheet 
 




Poly (4-vinylphenol-co-methyl methacrylate) P(4-VP-MMA) (containing 51 mole % of 
the 4-VP units), poly (butyl methacrylate) (PBMA) ( M = 337,000), 
2-acrylamido-2-methyl propanesulfonic acid (AMPS), methyl ethyl ketone (MEK) (99%, 
A.C.S reagent grade), N,N-Dimethylformamide (DMF) (HPLC grade), methanol (HPLC 
grade) and benzoyl peroxide (BPO) were purchased from Aldrich and used without 
purification. Paraloid® B-82 acrylic copolymer resins (56.1 wt % methyl methacrylate 
and 43.9 wt% ethyl acrylate) were supplied by Rohm & Haas. 2-hydroxyethyl 
methacrylate (HEMA) and poly (ethylene glycol) dimethylacrylate (PEGDMA,Μ =550) 
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 from Aldrich were used after the removal of the hydroquinone (HQ) inhibitor. Films of 
Nafion® 117 membranes (equivalent weight of 1100) for comparative studies were 
purchased from Aldrich. 
 
3.2.2 Preparation of Solution-Cast Membranes 
 
Solution A: 300mg of mixture of P(4-VP-MMA), PBMA and Paraloid® B-82 acrylic 
copolymer resins (in weight ratio of 1:1.7:0.3 respectively) was dissolved in MEK (5ml). 
A clear yellowish solution was obtained after stirring for 6 hours at room temperature.  
Solution B: AMPS, HEMA, PEGDMA and an appropriate amount of the BPO initiator 
(at 7 wt% of the monomer total) were dissolved in DMF (3ml) at room temperature to 
form a clear colorless solution. Solutions with different ratios of the monomer units were 










 Table 3.1 Formulations of the multi-component PEM membranes 
Solution B bTCPB Membranes SO H 3
3 (g) AMPS (g) /% HEMA (g) / % PEGDMA (g) (mol / g ×10 ) 
 aTCPB 0 0.3 0 0 0 
M-0 0 0.3 0 0.30 0.09 
M-1 0.35 0.3 0.05 / 12.8 % 0.25 / 64.1% 0.09 
M-2 0.39 0.3 0.05 / 15.4% 0.20 / 61.5% 0.075 
M-3 0.53 0.3 0.08 / 18.6% 0.25/ 58.1% 0.10 
M-4 0.61 0.3 0.10/ 20.2% 0.28/ 56.7% 0.114 
M-5 0.70 0.3 0.10/ 25.6% 0.20/ 51.3% 0.09 
a. The poly (4-vinylphenol) content in TCPB is 18.2%;  
b. PEGDMA is kept at 23 wt% of the monomers in solution B throughout.   
 
Polymerization feed: Solutions A and B were mixed and stirred for 12h at room 
temperature. The mixture was then poured over a Telfon dish and dried at room 
temperature for 6 h to remove most of the MEK. Further drying was carried out in a 
N o-filled oven at 1002 C for 24h. Free radical polymerization of the embedded monomers 
(AMPS, HEMA and PEGDMA) occurred during this drying period together with the 
progressive removal of DMF. A homogenous free-standing membrane was obtained, 
which could be easily detached from the Teflon dish. The process flow for the membrane 
preparation is shown in Scheme 3.2. 
 
3.2.3 Materials Characterizations 
     
A very thin membrane was also formed on a thin glass slide by spin-coating and 
characterized by Fourier-transform infrared spectroscopy (FTIR). A Bio-Rad FTS 135 
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 spectrometer was used to collect the FTIR spectra. Each spectrum was the result of 40 
scans in the range 400 to 4000 cm-1 sampled at 8 cm-1 resolution. 
 
The phases in TCPB and in the TCPB-P(AMPS-HEMA-PEGDMA) composite 
membranes were characterized by differential scanning calorimetry (DSC) on a DuPont 
TA 2910 calorimeter. DSC runs commenced by heating the sample from -20 to 150oC at 
5oC/min. The sample was heat-soaked at 150oC for 1min before it was cooled to -20 oC at 
20 oC/min. The first heating and cooling cycle was necessary to eliminate the effect of 
thermal history in sample preparation. Proper DSC profiles were then collected from the 
second heating cycle at 10 oC/min. 
 
The thermal stability of the membranes was investigated by thermogravimetric analysis 
(TGA) (TA Instruments TGA 2090 analyzer). The TGA measurements were carried out 
in N  atmosphere from room temperature to 700ºC using a heating rate of 10°C per min. 2
 
The surface and cross-sectional morphologies of the membranes were examined by a 
field emission scanning electron microscope (JEOL JSM-6700F operating at 5kV). 
Specimens for the FESEM were prepared by freezing the dry membrane samples in liquid 
nitrogen and breaking them up to produce a cross-section. Fresh cryogenic fractures of 




 The tensile stress – strain properties of the cast membranes were tested on an Instron 
microforce tensile tester.  
 
3.2.4 Water Uptake  
 
The equilibrium water contents in the membranes (various compositions) at ambient 
temperature were determined by gravimetric measurements. A membrane after vacuum 
drying at 70oC for 24h was weighed and placed in room temperature deionized water for 
24h. The weight was taken again after the removal of the surface-attached water. Water 






 Water uptake (%) = 
 
3.2.5 Solvent Etching Test  
 
The membranes were dried at 70oC in vacuum for 24h and then immersed in MEK for 
24h. The morphology of the membranes after MEK etching was examined by FESEM. 
 
3.2.6 Proton Conductivity 
 
Sample membranes were cut into circular discs 1.85cm in diameters, and fully hydrated 
with deionized water for 24h prior to the measurements. A membrane disc was 
sandwiched between two aluminum electrodes to assemble into a symmetric test cell. 
Room temperature proton conductivities of the membrane samples were measured by 
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 electrochemical impedance spectroscopy (EIS) between 1Hz and 1MHz using an Eco 
Chemie PGSTAT 30 poteniostat/ galvanostat equipped with a frequency response 





where σ, L, R and A are the proton conductivity, the membrane thickness, the membrane 
resistance, and the contact area between the electrode and the membrane respectively. R 
was taken as the intercept of the complex impedance response (a semicircular arc) on the 
real axis at the high frequency end (Milhailenko et al., 2001).   
 
3.2.7 Swelling Tests in Methanol Solution  
 
Membrane samples which had been dried at 70oC in vacuum for 24h, were immersed in a 
methanol solution for 24h at room temperature. 90% methanol (27M), which is much 
higher than the concentration of methanol normally used for DMFC (ca. 2~3 M), was 
used to test the resilience of the membranes in extreme conditions. The degree of 
swelling was determined by measuring the changes in weights.  
 
3.2.8 Dimensional Changes in Water and Methanol Solution 
 
oThe membrane samples after vacuum drying at 70 C for 24h were cut into 1cm×2cm 
pieces. Each sample was placed in a glass vial containing either 20ml water or 20 ml of 
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 90% methanol solution. The vials were kept at room temperature (25oC) or at an elevated 
temperature (50oC) for 24 h. The dimensions of the cut samples after the exposure tests 
were measured again to obtain the % volume expansion.  
 
3.3  Results and Discussions  
 
3.3.1 Structural and Swelling Characteristics of the TCPB Membrane 
    
    The membrane obtained by solution casting a blend of the three acrylic polymers 
(“TCPB”, Scheme 3.2) is the designated methanol barrier. The design is based on the low 
solubility of the acrylic polymers in methanol, with Paraloid® B-82 resin and PBMA 
providing a flexible but structurally stable framework to enable membrane processing. 
The hydrophilic 4-VP segments in P(4-VP-MMA) (18.2 wt %) undergo association in the 
TCPB matrix to form proton conducting channels, which are used to connect to the 
embedded hydrophilic network (vida infra). The low swelling (relative to Nafion®) of the 
TCPB matrix in 90% methanol solution at room temperature was experimentally 
confirmed (Figure 3.1). The oscillatory dynamics in the swelling measurements could be 
a sign of reversible solvation and desolvation process driven by the amphiphilicity of 
P(4-VP-MMA), which can be explained as follows: since methanol molecules can easily 
solvate the dispersed 4-VP segments through hydrogen bonding, the 4-VP segments gain 
mobility with swelling and order among themselves by stacking the aromatic rings. The 
ordering results in an increase in local hydrophobicity and methanol is expelled from the 
4-VP domains as a result. The association of the 4-VP segments is opposed by the 
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 co-polymerized MMA units, which produce a delayed restoring force to return the 
associated 4-VP domains to their original, un-associated state. This is then followed by 
the next cycle of methanol permeation and expulsion. 
   
oThe DSC analysis of the TCPB membrane shows two glass transition temperatures (23 C 
and 86oC) (Figure 3.2). As they do not correspond well with the glass transition 
temperatures of the TCPB constituents, they indicate rather the presence of two 
differentiable amorphous polymer solid solutions. The first glass transition (Tg=23oC) can 
be attributed to the amorphous phase consisting mostly of Paraloid® B-82 acrylic 
copolymer (Tg=34oC) and PBMA (Tg =-24oC), and the second glass transition (Tg=86oC) 
to the amorphous phase consisting mostly of amphiphilic P(4-VP-MMA) (T o=115g C) 
with some PBMA and/or B-82. The broader and weaker second glass transition indicates 
that the P(4-VP-MMA) copolymer is well dispersed in TCPB without phase separation. 
However, some segregated 4-VP domains were found on the air-facing side of the TCPB 
membrane, which are shown as small speckles in the SEM image of Figure 3.3. The 
surface segregation is most likely driven by the affinity of the phenolic units for moisture 
in the ambient air. This is confirmed by the absence of the special surface feature in a 
control experiment where P(4-VP-MMA) was eliminated from the formulation. The 
cross-sectional view of the TCPB membrane shows no phase separation in the membrane 
interior, corroborating the DSC measurement of a highly dispersed P(4-VP-MMA) phase 
in the TCPB matrix. The surface 4-VP domains are desirable, as they may be used to 
channel protons in and out of the membrane. 
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Figure 3.1 Percentage swelling of TCPB in 90% methanol solution 
at room temperature 
 





















To is the onset of the glass transition





































Figure 3.3 FESEM image of the TCPB membrane 
 
3.3.2 Embedded Polymerization-Induced Structural Changes 
 
Table 3.1 is a summary of the various membranes (labelled as M-i) that are synthesized 
and investigated in this work. Their phase compositions as analyzed by DSC are given in 
Table 3.2. The M-0 membrane was produced by the embedded polymerization of HEMA 
and PEGDMA without AMPS. The second glass transition temperature at 65oC is used to 
infer the formation of the hydrophilic P(HEMA-PEGDMA) phase in the mixed matrix. 
The more hydrophilic HEMA was used in excess of amphiphilic P(4-VP-MMA) and is 
expected to generate a correspondingly stronger response than the glass transition arising 
from the hydrophilic domains of TCPB in the same temperature range (the “second” glass 
transition in TCPB). In addition, the onset of the first TCPB glass transition was raised by 
a few degrees possibly due to the hydrophilic network forming hydrogen bonds with 
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 TCPB at the phase boundaries. Another indication of the successful implantation of a 
hydrophilic phase into the TCPB matrix is the reduction in both the tensile strength of 
TCPB and the corresponding strain (Table 3.3). 
 
Table 3.2 DSC analysis of glass transition in the composite membranes 
 
Membranes Tg1(℃) ΔTg-1 (℃)* Tg2 (℃) ΔTg-2 (℃) Tg3 (℃) ΔTg-3 (℃) 
TCPB 23 24 86 34   
M-0 29 31 65 24   
M-1 28 50 81 44 140 4 
M-2 36 52 84 37 141 3 
M-3 28 42 78 33 134 7 
M-4 29 47 76 33 117 25 
M-5 25 44 82 39 128 28 
* ΔT: The width of the respective glass transition ranges. 
 
Table 3.3 Measurements of tensile strength and corresponding strain of representative 
composite membranes 
Membranes Tensile Stress (M pa) Strain (%) 
TCPB 3.25 88 
M-0 1.50 62 
M-1 3.10 21 
M-2 3.05 16 
 
With the AMPS units in the polymer network, a new glass transition was detected at 
higher temperatures. For the M-3 membrane this third glass transition is located between 
130 to 137oC (Figure 3.2). It is reasonable to assign the third glass transition to the 
association of the pendant sulfonic acid groups. In summary DSC measurements 
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 indicated the existence of three amorphous phases in membranes with AMPS (denoted as 
M-i): primarily TCPB (hydrophobic), the HEMA polymer microphase and the AMPS 
polymer microphase, with the last two correspond to the different domains in the 
hydrophilic P(AMPS-HEMA-PEGDMA) network. The presence of AMPS was 
confirmed by FTIR which clearly shows the characteristic vibrations of the S=O group 
(1150 and 1200 cm-1) and the N-H group (3300 cm-1) (Figure 3.4). 
 













Figure 3.4 FTIR spectrum of the M-5 membranes 
 
FESEM examination of the cross-sections of the M-i membranes generally shows an 
asymmetric laminar structure (e.g. Figure 3.5a using M-5 as an example). The three 
layers in the laminar structure can be differentiated by their differences in texture and 
morphology. The top and middle layers (Figure 3.5b) are homogeneous on their own with 
different morphologies, while the bottom layer (labeled by 2) shows a heterogeneous 
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 matrix under high magnification (Figure 3.5c). EDX analysis of the three layers shows 
decreasing sulfur contents in the following order: middle layer > bottom layer > top layer 
(Table 3.4 and Figure 3.6). In contrast to the top and middle layers, the bottom layer 
contains a large number of granules about 100 nm in size, which are likely to be the 
hydrophilic P(AMPS-HEMA-PEGDMA) polymer phase. This is because the hydrophilic 
network, once formed, would tend to repel the more hydrophobic TCPB matrix towards 
both top and bottom directions, causing the formation of a tri-layer structure. Relative to 
a small portion of the hydrophilic network which was dragged into the top layer by 
viscous flow of TCPB, more hydrophilic components descended into the bottom layer 
under the influence of the gravitational field. As the cross-linked hydrophilic network 
became less mobile with the progress of polymerization, the bulk of the hydrophilic 
network was retained by the middle layer. The incompatibility between the hydrophilic 
network and the hydrophobic TCPB matrix causes phase separation to occur in the 
bottom layer, and the formation of the P(AMPS-HEMA-PEGDMA) granules. The lack of 








































 Table 3.4 EDX analysis of the cross sections of the various layers 
in the M-5 membrane 
Layer designation S (atom %) O (atom %) C (atom %) 
Upper layer 0.41 25.53 72.95 
Middle layer 2.46 15.89 79.53 
Base layer 0.99 27.01 70.75 
 
On the contrary, without the AMPS units in the hydrophilic network, the membrane 
(M-0) shows an asymmetric bi-layer structure (Figure 3.7) in which the bottom layer is a 
homogenous mixture of TCPB and hydrophilic P(HEMA-PEGDMA) network dominated 
by the latter. The opposite occurs with TCPB as the major component in the top layer. 
Apparently, the inclusion of the AMPS units into the composite membrane is the driving 
force for the formation of the tri-layer asymmetric structure.  
 
An etching experiment was carried out to provide additional evidence for the existence of 
hydrophilic phase(s) in the cast membranes. MEK, a good solvent for TCPB at room 
temperature, was used to expose the hydrophilic P(AMPS-HEMA-PEGDMA) network. 
The M-1 membrane was selected for the etching experiment because it has the lowest 
AMPS content and hence the shortest etching time (24h). The surface morphology after 
etching shows an ensemble of quasi-hexagonal domains of the hydrophilic network 
(Figure 3.8). These fixed-shape domains must have originated from the aggregation of 



































Figure 3.8 FESEM image showing the surface morphology of the M-1 membrane after 
solvent etching 
 
3.3.3 Thermal and Mechanical Properties 
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 The glass transition temperature is an indication of the magnitude of the energy barrier 
against segmental motion in an amorphous polymer. The glass transition temperature 
corresponding to the hydrophilic AMPS network first decreases with the AMPS content, 
and then increases. Such a trend can be understood in terms of the competition between 
steric repulsion and ionic/polar association of different monomer repeat units in the 
network. Primarily, as the AMPS units are bulkier in size than the HEMA units, the 
increase in the molar fraction of AMPS in the copolymer network would bring about an 
initial increase in the inter-chain voids or free volume. However, the free volume is 
subsequently collapsed by the ionic association between pendant –SO3H groups when the 
latter have increased in number.  
 
The thermal stability of the membranes was evaluated by TGA (Figure 3.9).  The TCPB 
and M-0 membranes have rather similar TGA profiles, both experiencing two stages of 
weight loss due to structural degradation between 270 and 350oC, and between 350oC and 
450o oC, respectively. The graduate weight loss below 270 C can be attributed to the loss 
of physisorbed water and the condensation reaction between adjacent –OH groups. The 
M-1 membrane, on the other hand, shows a slightly higher decomposition temperature in 
the second stage (the first stage is not effected). However, too high an AMPS content in 
the composite membranes would lower thermal stability, as shown in the case of M-3 and 
M-4 (Figure 3.9b). It is assumed that excessive association of the AMPS sulfonic acid 
groups via ionic interaction would result in the formation of heavy clusters which strain 
the carbon bonds linking them to the polymer main chains when thermally excited. In 
short the composite membranes are safe to use in environment below 270oC.  
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As aforementioned the embedded polymerization that incorporated the hydrophilic 
network into the TCPB matrix has resulted in a laminar structure. The graded membrane 
structure is also evident from the measurement of mechanical properties. In tensile 
stress-strain tests the TCPB membrane shows a higher tensile strength than the M-0 
membrane. (Table 3.3) The addition of AMPS units into the hydrophilic network restores 
largely the tensile stress, but at the expense of a significant decrease in the corresponding 
strain (Table 3.3). The observation suggests that the association of the AMPS sulfonic 
acid groups in the hydrophilic network helps to strengthen the network; and stiffer films 
are produced as a result.  
 
 





























































Figure 3.9 Typical TGA curves: (a) TCPB, M-0 and M-1 membranes (b) M-3 and 
M-4 membranes 
 
3.3.4 Proton Conductivity and Swelling Tests in Methanol   
 
Proton conductivity measurements of the fully hydrated AMPS membranes (Figure 3.10) 
show the expected increase in proton conduction with proton content (as -SO3H mmol/g). 
In comparison with the Nafion®117 membrane which has about 0.91 mmol/g of protons 
and a proton conductivity of 8 × 10-2 S/cm, the lower proton conductivities of the 
composite membranes (e.g. ca. 1.2 × 10-3 S/cm for M-5) could not be rationalized entirely 
by their lower proton concentrations (ca. 0.7 mmol /g for M-5). The heterogeneous 
membrane structure with the primarily hydrophobic methanol blocking TCPB phase 
localized on the membrane exterior has also impeded the passage of protons through the 
membrane. 
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Figure 3.11 compares the swelling characteristics of the membranes in methanol and in 
water using Nafion®117 as the reference. The TCPB membrane and the AMPS 
membranes all performed better than Nafion® in the methanol blocking category, 
notwithstanding that the AMPS membranes also show an increased water uptake 
capability. The extent of swelling in methanol first decreases and then increases with the 
AMPS concentration in the membranes. The transformation from a bi-layer structure 
without AMPS (Figure 3.7) to a tri-layer laminar structure with AMPS has significantly 
enhanced the methanol-blocking characteristics. The first presence of AMPS units in the 
hydrophilic network would restrict swelling because the association between pendant 
sulfonic acid groups on different chain segments restricts methanol passage. However, 
subsequent increase in the AMPS content raises hydrophilicity, facilitating methanol 
transport through the water channels.  
 
The HEMA-PEGDMA component in the hydrophilic network (Scheme 3.1) is 
responsible for more than 75% of water uptake in the AMPS membranes. The water 
absorptivity of the membranes can perhaps be reduced by replacing PEGDMA with a 
shorter hydrophilic crosslinker. This should result in a tighter hydrophilic phase but the 





































Figure 3.10 Effect of sulfonic group content on membrane proton conductivity 
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Figure 3.11 Extent of water and methanol uptakes for various tested membranes 
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 3.3.5 Dimensional Stability in Water and Methanol Solutions  
 
The volume expansion of the AMPS membranes after 24h in water and in 90% methanol 
solution at different temperatures is shown in Figure 3.12 and Figure 3.13. It is 
remarkable to note that the volume expansion is only slightly higher at the high 
temperature (50oC). In Figure 3.12, the volume expansion increases with the sulfonic acid 
content for M-0 through M-3 but decreases with the sulfonic acid content for M-4 and 
M-5. This indicates that there exists a threshold AMPS content (i.e. M-4) below which 
hydration takes place primarily in the network of HEMA segments physically 
cross-linked by hydrogen-bonds. The presence of AMPS weakens the physical 
cross-linking and subsequently the strength of the HEMA-network, with water uptake in 
the network increases correspondingly with the AMPS content.  In the M-4 and M-5 
membranes where the AMPS units have become a predominant part of the copolymer 
chains, hydration occurs primarily in the AMPS segments. Since hydrated AMPS 
segments have lower chain-mobility than the corresponding HEMA segments, a decline 
in the volume expansion results. The volume expansion in M-0 through M-4 membranes 
in 90% methanol solution (Figure 3.13) can again be understood by solvation in the 
HEMA segments. In M-4 and M-5 where solvation occurs mostly in the AMPS segments 
which are harder to be swollen by methanol, a volume expansion decrease is again 
observed. The volume expansions of the AMPS membranes in water and in 90% 
methanol solutions are all below 80% and compare favorably with that of Nafion® 
(Siroma et al., 2004). The AMPS membranes therefore have reasonably good 
dimensional stability in both water and methanol solutions. 
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Figure 3.13 Volume expansions of AMPS membranes in 90% methanol solutions after 
24h 
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 3.4 Conclusion  
 
An embedded polymerization scheme was used to produce asymmetric proton conducting 
electrolyte membranes, in which a proton conduction layer is sandwiched between two 
primarily hydrophobic layers with limited methanol swelling compared to Nafion®117. 
The proton conduction layer is a loosely crosslinked network constructed from the 
monomers 2-acrylamido-2-methyl propanesulfonic acid (AMPS), 2-hydroxyethyl 
methacrylate (HEMA) and poly (ethylene glycol) dimethylacrylate (PEGDMA). The 
methanol blocking layers are three-component polymer blends (TCPB) of poly 
(4-vinylphenol-co-methyl methacrylate), poly (butyl methacrylate) and Paraloid® B-82 
acrylic copolymer resin. DSC measurements showed that membranes with AMPS 
(labeled as M-i) contain three amorphous phases: TCPB, the HEMA polymer microphase 
and the AMPS polymer microphase. TGA analysis showed that the AMPS membranes 
are thermally stable up to 270oC. The incorporation of the AMPS hydrophilic network 
into TCPB affects both the tensile stress and the corresponding strain to some extent. The 
AMPS membranes exhibit higher absorptivity for water than methanol; and proton 








 CHAPTER 4 
 
POLYMER ELECTROLYTE MEMBRANE BASED ON 
2-ACRYLAMIDO-2-METHAYL PROPANESULFONIC ACID 




The development of methanol-blocking PEMs without significant reductions in proton 
conductivity and in mechanical properties is an obvious solution to the methanol 
crossover problem. In this chapter, TCPB is used as the methanol-barrier (Scheme 3.2). A 
random copolymer of 2-acrylamido-2-methylpropanesulfonic acid (AMPS) and 
2-hydroxyethyl methacrylate (HEMA) is incorporated into the TCPB matrix as the proton 
source. The hydrophilic 4-VP segments in P(4-VP-MMA) (18.2 wt %) also took part in 
forming proton-conducting channels in the TCPB matrix together with AMPS. An 
embedded polymerization scheme is used to circumvent the thermodynamic immiscibility 
between the (AMPS-HEMA) copolymer and TCPB. Chapter 3 reported this method of 
embedded polymerization and a detailed morphological characterization of the resulting 
asymmetric membrane structure. This chapter reports water uptake, ion-exchange 
capacity (IEC), proton conductivity, methanol permeability and tensile strength of these 






     
2-acrylamido-2-methyl propanesulfonic acid (AMPS), poly (4-vinylphenol-co-methyl 
methacrylate) (51 mole% 4-VP), poly (butyl methacrylate) (PBMA, average Mw = 
337000), methyl ethyl ketone (MEK), N, N-Dimethylformamide (DMF) (HPLC grade), 
1-butanol (99.8%, HPLC grade), benzyl peroxide (BPO) from Aldrich, and sodium 
chloride and sodium hydroxide from Merck, were used without purification.  Paraloid® 
B-82 acrylic copolymer resins (56.1 wt% methyl methacrylate and 43.9 wt% ethyl 
acrylate) was supplied by Rohm & Haas. 2-hydroxyethyl methacrylate (HEMA), poly 
(ethylene glycol) dimethylacrylate (PEGDMA, Mw=550) from Aldrich were used for 
copolymerization after the removal of the hydroquinone (HQ) inhibitor by an inhibitor 
removal column provided by Aldrich. Nafion® 117 films (equivalent weight of 1100) for 
the purpose of comparison were also received from Aldrich. 
 
4.2.2 Membrane Preparation  
 
Solution A: 300mg of poly (4-vinylphenol-co-methyl methacrylate), poly (butyl 
methacrylate) (PBMA), and Paraloid® B-82 acrylic copolymer resins (in weight ratio of 
1:1.7:0.3) was dissolved in 5ml MEK. A clear yellowish solution was obtained after 
stirring for 6h at room temperature. 
 
Solution B: AMPS, HEMA, PEGDMA and an appropriate amount of the BPO initiator 
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 (at 7 wt% of the total monomers, units) were dissolved in DMF (3ml) at room 
temperature to form a clear colorless solution. Solutions with different ratios of the 
monomer units were formulated (Table 3.1). 
 
Solutions A and B were mixed and stirred for 12h at room temperature. The mixture was 
poured over a Telfon dish and dried at room temperature for 6 h to remove most of the 
MEK. Further drying was carried out in N  atmosphere at 100o2 C for 24h. Free radical 
polymerization of the embedded monomers (AMPS, HEMA and PEGDMA) occurred 
during this drying period. A homogenous free-standing membrane was obtained, which 
could be easily peeled from the Teflon dish. The flow chart of membrane preparation is 
given in Scheme 3.2.  
 
4.2.3 Membrane Characterizations 
 
4.2.3.1 Membrane Morphology 
 
The cross-section of the membrane was examined by field emission scanning electron 
microscopy on a JEOL JSM-6700F operating at 5kV. The specimens were prepared by 
freezing the dry membrane samples in liquid nitrogen and then breaking them up to 
produce a cross-section. Fresh cryogenic fractures of the samples were spray-coated with 
a thin layer of Pt under vacuum prior to FESEM examination. 
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 4.2.3.2 Water Uptake  
 
The equilibrium water contents in the membranes (various compositions) at room 
temperature were determined gravimetrically. A membrane after vacuum drying at 70oC 
for 24h was weighed and placed in deionized water for 24h at room temperature. The 
weight was taken again after the removal of surface-attached water. Water uptake was 







                                Water uptake (%) = 
  
4.2.3.3 Ion-Exchange Capacity (IEC) 
 
The ion exchange capacity value was measured by the classical titration technique. Each 
membrane was placed in 15ml of 0.05M sodium chloride aqueous solution for 24h to 
exchange the protons with sodium ions. The ion-exchanged (hydrogen chloride) solution 
was titrated to pH7.0 with 0.05M sodium hydroxide aqueous solution and end-point was 
detected with a pH meter (Schott). Three repeated titrations were conducted for each 
exchanged NaCl solution and the mean titrate volume was used for the IEC calculation. 
 
4.2.3.4 Proton Conductivity 
 
Sample membranes were cut into circular discs of 1.85cm in diameter, and fully hydrated 
with deionized water for 24h prior to measurements. A membrane disc was sandwiched 
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 between two aluminum electrodes to form a symmetric test cell. Proton conductivities 
were measured in the temperature range 30o oC-90 C after 90min of equilibration at each 
temperature, and by electrochemical impedance spectroscopy (EIS) between 1Hz and 
1MHz on an Eco Chemie PGSTAT 30 poteniostat/ galvanostat equipped with a 
frequency response analyzer module. The proton conductivity of the membrane was 
calculated by the following formula: 
 
RA
L=σ                                                            
 
where σ, L, R and A are the proton conductivity, the membrane thickness, the membrane 
resistance, and the contact area between the electrode and the membrane respectively. R 
was taken as the intercept of the complex impedance response (a semicircular arc) on the 
real axis at the high frequency end (Milhailenko et al., 2001). Samples were drawn from 
at least three different locations in the membrane to obtain an average value of thickness 
and proton conductivity. 
     
4.2.3.5 Methanol Permeability 
 
Methanol permeability measurements were conducted using a glass diffusion cell (Figure 
4.1). One compartment of the cell (VA =50 ml) was filled with 2M methanol solution (8 
vol.%, the typical concentration used in current DMFC). The other compartment (VB =50 
ml) was filled with deionized water. The membrane (wetted area = 4.90 cm2) after fully 
hydrated with deionized water for 24h was fastened between the two compartments in 
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 which the two solutions were kept stirred throughout the measurements. The 
concentration-driven diffusion of methanol from compartment A to B across the 
membrane was monitored as a function of time, using a Shimadzu GC2010 gas 
chromatograph (GC), a HP-Plot Q column (30m×0.32mm×20µm), and a flame ionization 









Figure 4.1 The diagram of methanol diffusion cell 
 
Methanol Permeability can be determined with the use of a pseudosteady-state solution of 

















∞ −−−=          (1)          
With the boundary condition CB » CA, the methanol concentration in the receiving 
compartment as a function of time is given by: 
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Stirrer 
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 where C is the methanol concentration; A and L the membrane area and thickness, 
respectively; D, K and t0 are the methanol diffusivity, solubility and the measurement 
time lag, respectively.  
 
The product DK is the membrane permeability. CB was measured several times during an 
experiment and the permeability was calculated from the slope of the linear plot of CB 



















LVslopeDKP                  (3)                                 
The reliability of both the proton conductivity cell and the diffusion cell was checked by 
measuring the proton conductivity and methanol permeability of Nafion® 117, for which 
values can be found in the open literature.  
 
4.2.3.6 Mechanical Properties  
 
Mechanical stress-strain measurements were preformed on an Instron Microforce Tensile 
Tester Machine. Pre-dried membranes were cut into standard dumbbell-shaped test 
pieces. The two ends of the test piece were clamped on to the tensile machine, and a force 
of 100N was pre-applied to compensate for the forces required to straighten the 
membranes. 
 
4.3  Results and Discussions  
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4.3.1 Embedded Polymerization-Induced Membrane Structure (Pei, et al., 2006a)  
 
Field emission scanning electron microscopy examination of the cross-sections of the 
AMPS-i (i=1-5) membranes revealed an asymmetric laminar structure (Figure 3.5a using 
AMPS-5 as an example). The three layers in the laminar structure could be differentiated 
by their differences in texture and morphology. The top and middle layers (Figure 3.5b) 
were homogeneous with different morphologies, while the bottom layer (marked as 2) 
showed greater heterogeneity under high magnification (Figure 3.5c). According to EDX 
analysis, the sulfur contents in the three layers decreased in the following order: middle 
layer > bottom layer > top layer. The hydrophilic network of 
P(AMPS-HEMA-PEGDMA), once formed, would tend to repel the hydrophobic TCPB 
matrix towards both top and bottom directions, and thereby cause the formation of a 
tri-layer structure. A small fraction of the hydrophilic network was dragged into the upper 
layer by the viscous flow of TCPB; and a significantly larger fraction descended into the 
bottom layer under the influence of the gravitational field. As the cross-linked 
hydrophilic network became less mobile with the progress of polymerization, the bulk of 
the hydrophilic network was retained in the middle layer. The incompatibility between 
the hydrophilic network and the hydrophobic TCPB matrix resulted in phase separation 
in the bottom layer, as shown by the formation of P(AMPS-HEMA-PEGDMA) granules 
about 100nm in size. Phase separation was not apparent in the upper layer because of the 
lower concentration of the hydrophilic phase.  
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 4.3.2 Water Uptake and Ion-Exchange Capacity (IEC) 
 
The proton conductivity of PEM is dependent on the number of acid groups in the 
polymer, their dissociability into protons, and the physicochemical nature of the sites for 
proton transport (Eikerling and Kornyshev, 2001). Water molecules attached to the 
sulfonic acid and hydroxyl groups of the membrane are easily protonated to form 
hydronium (e.g. H3O+ +, H O5 2 , etc.) ions. Since proton transport takes place primarily by 
hopping through the water molecules, a threshold of matrix water is required to maintain 
proton conductivity. On the other hand, excessive water would result in membrane 
swelling, mechanical frailty and dimensional changes, all of which will  lead to poor 
performance (Gao, et al., 2003b). The results of water uptake measurements at room 
temperature are given in Fig.4.2 for membranes with different sulfonic acid and 
HEMA-PEGDMA contents. The membranes were formulated with the hydrophilic 
HEMA-PEGDMA content in the range of 40-50 wt%. This saw that water uptake 
correlated positively with the sulfonic acid group content, but the effect of the 
HEMA-PEGDMA content on water uptake was only marginal.  In order to mitigate the 
undesirable mechanical properties associated with a high level of water uptake, a denser 
membrane network was considered to be more suitable. This could, in principle, be 
achieved by substituting PEGDMA with a shorter hydrophilic cross-linking agent, such 
as ethylene glycol dimethylacrylate (EGDMA). Experimentally, 10 wt% of EGDMA in 
solution B was able to reduce the water uptake to 45%, even at very high sulfonic acid 
contents (0.70mmol/g). The resulting membrane was too brittle, however to be of any 
practical value. Lowering the EGDMA content restored some of the lost plasticity, but 
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 the water reduction properties were unsatisfactory. In short, the water content in the 
membrane is more dependent on the sulfonic acid content than on the degree of 
cross-linking. 
 
Ion exchange capacity measures the amount of ionizable acid groups in a polymer matrix 
and results in proton conduction. It is therefore an indirect indicator of proton 
conductivity. The IEC values of the AMPS-i membranes tested in this study are 
summarized in Figure 4.3. Since the sulfonic acid groups are the only ionizable groups in 
the membranes, the increase in the IEC values with sulfonic acid contents is anticipated 
and easily understood. It has been reported (Kang, et al., 2002) that ionic membranes 
containing only sulfonic acid groups as the cation-exchange sites exhibit a high level of 
water uptake, which is also shown in Figure 4.3. The IEC values of the AMPS-i 
membranes were lower than the IEC value of Nafion® 117 (0.9meq/g). It appears that the 
AMPS groups are not as ionizable as the sulfonic acid groups in Nafion®, even in an 
abundant water environment. The difference could be used to indicate the influence of the 
non-charged, methanol-blocking matrix (TCPB) particularly in the form of a laminar 
structure with the hydrophilic network sandwiched by two outer layers that consist 
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Figure 4.2 The effects of sulfonic acid contents and (HEMA + PEGDMA) contents on 

















































Figure 4.3 IEC value and water uptake as a function of sulfonic acid contents of all the 
membranes 
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 4.3.3 Proton Conductivity 
 
The proton conductivities of AMPS-i membranes at 70oC exhibited the expected 
monotonically increasing trend with the sulfonic acid contents (Figure 4.4). Proton 
conductivity was highest in AMPS-5 at 0.030 S/cm, which is of the same order of 
magnitude as the proton conductivity of Nafion®117 at the same temperature (0.08S/cm). 
 


































Figure 4.4 Proton conductivity of AMPS-i membranes at 70oC 
 
For the AMPS-i (i=1-4) membranes, the presence of dispersed, non-proton conducting 
segments (Paraloid® resins and PBMA in TCPB) had the net effect of spacing out the 
sulfonic acid groups, which may account for the slow increase in proton conductivity 
with the sulfonic acid content. The proton conductivity underwent an abrupt jump in 
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 AMPS-5 even though the sulfonic acid content had only been increased incrementally. 
This could be caused by a sudden increase in the non-freezing water content in AMPS-5. 
It is known that water in an ionomeric membrane may be partitioned into freezing water 
and non-freezing water (Kim et al., 2005). Non-freezing water is strongly associated with 
the ionic and polar parts of the polymer, and hence is more crucial to proton conduction. 
Besides being dependent on the strength of interaction between water and the sulfonic 
acid groups, the non-freezing water content may also depend on the membrane 
morphology. The respective contributions are, however, difficult to determine since both 
factors are also inter-correlated. 
 
The Arrhenius plot of proton conductivities for the various AMPS-i membranes and the 
Nafion®117 membrane are given in Figure 4.5. The activation energy deduced from such 
a plot can often indicate the prevailing mechanism for proton transport. Generally, proton 
transport in the polymer electrolyte membrane occurs by two mechanisms. In the 
“Grotthus” or “hopping” mechanism, protons are passed down chains of water molecules 
through many H-bond forming and breaking processes. The water molecules are 
stationary while protons hop from one water molecule to the other. The Grotthus 
mechanism is characterized by an activation energy in the range of 14-40 kJ/mol (Smitha 
et al., 2004). The second proton transport mechanism, called the vehicle mechanism, 
assumes that protons are transported as complexes of the water molecules (e.g. H O+3 ), 
which are then diffused intact down the concentration gradient. The measured activation 
energies for the AMPS-i membranes were all in the range of 14-40kJ/mol, which 
indicated that proton transport in the AMPS membranes occurred predominantly by the 
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Figure 4.5 Logarithm of the proton conductivity of AMPS-i membranes and Nafion® 117 
membrane as a function of temperature 
 
4.3.4 Methanol Permeability 
 
The methanol concentration on the receiving side of the diffusion cell was plotted versus 
time and methanol permeability was determined from the slope according to Eq. (3). The 
methanol permeabilities of AMPS-i membranes at 25oC and feed concentration of 2.0 M 
methanol are shown in Figure 4.6. The methanol permeability of Nafion®117 was found 
to be 1.98×10-6 cm2/s, which agrees well with the literature value (Elabd et al., 2003). 
The data in Figure 4.6 clearly show that the methanol permeabilities of AMPS-i 
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 membranes are lower than that of Nafion®117. This is particularly true in the case of 
AMPS-2 for which methanol permeability was more than an order of magnitude lower 
(about 10-8 cm2/s). This result was consequential upon the presence of the 
methanol-blocking TCPB matrix in the AMPS-i membranes. Variations in methanol 
permeabilities among the various AMPS-i membranes did not, however, follow a 
systematic trend. Methanol permeability at first decreased and then increased with the 
AMPS content in the membranes. At low AMPS contents, methanol passage was 
impeded by the association between pendant sulfonic acid groups on different chain 
segments, which resisted swelling. Further increase in the AMPS concentration generally 










Figure 4.6 Methanol permeability for AMPS-i membranes 
4.3.5 Mechanical Properties 


























It is essential for PEM to have good mechanical integrity to withstand fabrication of the 
membrane electrode assembly (MEA). The tensile strengths at breakdown of the different 
AMPS-i membranes in the dry state are given in Table 4.1. As a reference, a Nafion® 117 
membrane was also subjected to the same test. The AMPS-i membranes at breakdown 
were extended considerably, i.e., more than the ultimate elongation of Nafion® 117. The 
results also show a decrease in the tensile strength with the sulfonic acid content, but the 
variation of the ultimate elongations with sulfonic acid contents for each membrane were 
less systematic. Weakening of mechanical properties is a known side-effect of sulfonation. 
The problem was alleviated somewhat through the use of sulfonic monomers compared 
with the direct sulfonation of polymers. The decrease in the tensile strength may also be 
attributed to ionic cross-linking in PEM. Polymer chains in the polyelectrolyte complex 
that have electrostatic interactions with another polymer chain experience restrict 
mobility due to ionic cross-linking. This restriction results in an increase in rigidity, 
thereby reduces the tensile strength. 
 
A three-dimensional plot of the tensile strength, proton conductivity at 70oC, and 
reciprocal of methanol permeability of the AMPS-i membranes is given in Figure 4.7. 
The results show that the properties of the present membranes are still some distant away 




 Table 4.1 Tensile strength and elongation of all the membranes in the study 
membranes Tensile Strength (Mpa) Elongation (%) 
AMPS-1 3.10 21 
AMPS-2 3.05 16 
AMPS-3 1.68 17 
AMPS-4 1.62 22 
AMPS-5 0.70 14 
















Figure 4.7 3D graph of AMPS-i membranes (tensile strength, proton conductivity at 70oC 

























































 4.4 Conclusion 
 
An embedded polymerization scheme was used to fabricate methanol-blocking polymer 
electrolyte membranes that consist of a methanol-blocking three-component polymer 
blend (TCPB) of poly (4-vinylphenol-co-methyl methacrylate), poly (butyl methacrylate) 
and Paraloid® B-82 acrylic copolymer resins, and an embedded proton source of a 
copolymer of AMPS and HEMA cross-linked by PEGDMA. The embedded 
polymerization resulted in an asymmetric membrane structure, in which a hydrophilic 
network was sandwiched by two outer layers of predominantly TCPB. The proton 
conductivities were strongly dependent on the sulfonic acid content and temperature. The 
proton conductivity of the AMPS-5 membrane at 70oC was 0.030 S/cm. The methanol 
permeabilities of the AMPS-containing membranes were all between 10-8 to 10-7 cm2/s, 
and are lower than the methanol permeability of Nafion®117. While the mechanical 
properties of the AMPS-containing membranes are superior to those of the Nafion®117 
membrane, it is noted that they also exhibit high water uptake and relatively low IEC 
values. Further improvements are necessary to bring the performance up to the 








 CHAPTER 5 
 
 
EMBEDDED HYDROPHILIC NANO-GRANULES WITH 





While AMPS-based polymers are more capable than Nafion® in maintaining ionic 
conductivity under low-water conditions (Randin, 1982), their high level of water uptake 
is the most undesirable property (Walker, 2002; Walker, 2004), as shown in Chapter 3. 
Such propensity was circumvented here by copolymerizing AMPS with two hydrophilic 
co-monomers, 2-hydroxyethyl methacrylate (HEMA) and 
2-hydroxyl-3-(diethanolamino)-propylmethacrylate (DEAPMA). The resultant AMPS 
copolymer, when blended with TCPB, would form an amphiphilic matrix with reduced 
water absorptivity. HEMA was an important component in the formulation as without it, 
the copolymer would be easily leached from the TCPB matrix when exposed to water. 
The (HEMA-DEAPMA) units formed a distributed hydrogel system through hydrogen 
bonding with the P(4-VP-MMA) segments (18.2 wt %) of TCPB, and acrylic-acrylic 
interaction, thereby establishing the proton conduction channels in the membranes. At the 
same time the AMPS short blocks in the copolymer associated to form microscopic pools 
of protons which preserved the bound water in the composite matrix. The chemical 
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 structures of the hydrophilic constituents of the polymer blend are illustrated in scheme 
5.1.      
 
The procedures from AMPS copolymer synthesis to the fabrication of polymer electrolyte 
membranes based on the P(AMPS-HEMA-DEAPMA)-TCPB blends, are described in 
detail in this chapter. This is followed by a careful examination of the membrane 
structure and the measurements of properties paramount to DMFC applications such as 













































 5.2 Experimental  
 
5.2.1 Materials  
 
Poly (4-vinylphenol-co-methyl methacrylate) P(4-VP-MMA) (containing 51 mole % of 
4-VP units), poly (butyl methacrylate) (PBMA) ( M = 337,000), 2-acrylamido-2-methyl 
propanesulfonic acid (AMPS), diethanolamine (DEA) (98%), methyl ethyl ketone (MEK) 
(99%, A.C.S reagent grade), N,N-dimethylformamide (DMF) (HPLC grade), 1,4-dioxane 
(anhydrous 99.8%), methanol (HPLC grade) and benzoyl peroxide (BPO) from Aldrich, 
sodium chloride and sodium hydroxide from Merck, were used without purification. 
Paraloid® B-82 acrylic copolymer resins (56.1 wt % methyl methacrylate and 43.9 wt% 
ethyl acrylate) were supplied by Rohm & Haas. 2-hydroxyethyl methacrylate (HEMA) 
and glycidyl methacrylate (GMA) from Aldrich were used after the removal of the 
hydroquinone (HQ) inhibitor. Films of Nafion® 117 membranes (equivalent weight of 
1100) for comparative studies were purchased from Aldrich.  
 
5.2.2 Membrane Preparation  
 
The P(AMPS-HEMA-DEAPMA)-TCPB blend membranes were produced as follows: 
Solution A: 2-hydroxyl-3(diethanolamino)-propylmethacrylate (DEAPMA) was 
synthesized by heating a solution of 0.4 g of GMA and DEA (in mole ratio of 1:1.1) in 
10ml of 1,4-dioxane and DMF (1:1, v/v) at 80°C for 3h. This was followed by the 
addition of 0.4~0.7g of AMPS and HEMA (in mole ratio of 1:1.6) and BPO (5 wt% of the 
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 monomers total). Polymerization was allowed to proceed for 24h at 75oC under flowing 
nitrogen. A viscous clear yellow solution was obtained at the end of the procedure. The 
resulting P(AMPS-HEMA-DEAPMA) is expected to be a random copolymer based on 
consideration of the monomer structures (Odian, 2004). The molecular weight of 
P(AMPS-HEMA-DEAPMA) was determined by gel permeation chromatography (GPC) 
to be in the range of Mw = 30,000~40,000. 
 
TCPB: 0.3g of poly (4-vinylphenol-co-methyl methacrylate), poly (butyl methacrylate) 
(PBMA), and Paraloid® B-82 acrylic copolymer resins (in weight ratio of 1:1.7:0.3) was 
dissolved in 5ml MEK. A clear yellow solution was obtained after 6h of stirring at room 
temperature.  
 
Solution A and TCPB were mixed and stirred for 12h at room temperature. The resulting 
transparent solution was cast over a Telfon dish and allowed to dry at room temperature 
for 24h to remove most of the solvents. Further drying was carried out at 60oC in a 
vacuum oven for 48h. A free-standing, homogeneous and flexible membrane was 
obtained which could be easily detached from the Teflon dish. Four membranes were 









 Table 5.1 Compositions and the states of water in AMPS copolymer-TCPB blend 
membranes 















B1 75 75 380 14.5 3.3 11.2 77.2 
B2 100 100 380 16.0 3.6 12.4 77.5 
B3 120 120 380 17.0 3.8 13.2 77.6 
B4 150 150 380 18.2 4.4 13.8 75.8 
 
a: The weight of TCPB in all membranes was kept constant at 300mg. 
b: [Bound water%]/[Total water%] ×100 
 
5.2.3 Materials Characterizations 
 
Determination of the polymer molecular structures by IR spectroscopy was carried out on 
a Bio-Rad FTS 135 FTIR spectrometer using the KBr pellet method. Each spectrum was 
the result of 40 scans in the range 400 to 4000 cm-1 sampled at 8 cm-1 resolution. 
 
The cross-sectional morphologies of the membranes were examined by field emission 
scanning electron microscopy using a JEOL JSM-6700F operating at 5kV.   
 
The macro phases in the P(AMPS-HEMA-DEAPMA)-TCPB blend membranes were 
characterized by differential scanning calorimetry (DSC) on a DuPont TA 2910 
calorimeter. The following temperature program was used; heating from -20 to 150oC at 
5oC/min; heat soak at 150oC for 1min; and cooling to -20o oC at 20 C/min. The first 
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 heating and cooling cycle was used to remove thermal history in sample preparation. 
Consequently DSC profiles were collected from the second heating cycle at 10oC/min. 
 
5.2.4 Water Sorption and State of Water 
 
oMembranes after vacuum drying at 70 C for 24h were weighed and placed in deionized 
water at room temperature for 24h. The total water content in a given membrane at 
ambient temperature was obtained by the difference between the dry weight and the wet 
weight of the membrane.  
 
DSC measurements were used to determine the amount of free (bulk) water that was not 
bound by hydrogen bonding with the hydrophilic groups of the polymer. The 
measurements were carried out on a DuPont TA 2910 calorimeter using a weighted 
sample in a hermetically sealed aluminum pan. Only one endothermic peak showing the 
property of free water was detected by DSC. The amount of free water in a membrane 
was estimated by integrating the water peak in the melt endotherm, using 334J/g as the 
enthalpy of melting for water at 0oC (Samuel, et al., 2000).  The amount of bound water 
was then calculated as the difference between the total water uptake and the amount of 
free water. The results are shown in Table 5.1. Nitrogen gas (99.99%) at a flow rate of 
50ml/min was used as the protective gas during the temperature scans.  
 
5.2.5 Ion Exchange Capacity (IEC)  
 97
  
Ion exchange capacity (IEC) was determined by the classical titration technique. Each 
membrane was placed in 15ml 0.05M sodium chloride aqueous solution for 24h to 
exchange the protons with sodium ions. The ion-exchanged solution (hydrogen chloride) 
was titrated to pH 7.0 with 0.05M sodium hydroxide aqueous solution using a pH meter 
(Schott) for end-point detection. Each exchanged NaCl solution was titrated thrice and 
the mean titrate volume was used for the IEC calculation. The IEC results are given in 
Table 5.2. 
 
Table 5.2 IEC values of AMPS copolymer-TCPB blend membranes 
IEC Membranes SO3H 






B1 0.436 0.436 0.14 32% 
B2 0.548 0.548 0.20 36.5% 
B3 0.629 0.629 0.27 42.9% 
B4 0.738 0.738 0.31 42% 
 
5.2.6 Proton Conductivity 
 
Sample membranes were cut into circular discs 1.85cm in diameter, and fully hydrated 
with deionized water for 24h prior to the measurements. A membrane disc was 
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 sandwiched between two aluminum electrodes to form a symmetric test cell. Proton 
conductivities were measured in the temperature range 30oC to 90oC with 90 min of 
equilibration at each temperature, and by electrochemical impedance spectroscopy (EIS) 
between 1Hz and 1MHz on an Eco Chemie PGSTAT 30 poteniostat/galvanostat equipped 
with a frequency response analyzer module.  
 
5.2.7 Methanol Permeability  
 
Methanol permeability was measured in a glass diffusion cell. One compartment of the 
cell (VA =50 ml) was filled with 2M methanol solution (8 vol%, typical concentration 
used in current DMFCs). The other compartment (VB =50 ml) was filled with deionized 
water. A membrane (4.90 cm2) after fully hydrated with deionized water for 24h was 
clamped between the two compartments with the solutions in the two compartments 
constantly stirred during the measurements. A methanol flux was set up as a result of the 
concentration difference of methanol between the two compartments. The concentration 
of methanol diffused from compartment A to B across the membrane was monitored as a 
function of time, using a Shimadzu GC2010 gas chromatograph with flame ionization 
detector; and 1-butanol as the internal standard. A detailed description of the experimental 





 Solutions of TCPB (150mg/ml) in MEK and in mixtures of MEK and methanol were 
prepared. The viscosity changes with solvent composition and shear rate were measured 
by a Brrokfield DV-II + Pro viscometer at ambient temperature (ca. 25oC). 
 
5.3 Results and Discussions 
 
5.3.1 Structure of the AMPS Copolymer-TCPB Blend Membranes 
 
The FTIR spectrum of the hydrophilic AMPS copolymer, P(AMPS-HEMA-DEAPMA), 
is shown in Fig.5.1. The presence of AMPS in the copolymer was confirmed by 
characteristic IR absorptions at 1150 and 1200 cm-1 due to νS=O, and at 1650 cm-1 due to 
νC=O from the amide group. The FTIR spectrum of P(AMPS-HEMA-GMA) was also 
measured for comparison, which showed expectedly the characteristic absorption by 
epoxy ring stretching at 1250 cm-1. Evidence for DEAPMA formation upon reaction 
between diethanolamine and the epoxy group of GMA was provided by νC-N stretching 
from the ternary amine group (−N<), which gave rise to the weak and broad absorption at 





















Figure 5.1 FTIR spectra of P(AMPS-HEMA-GMA) and 
P(AMPS-HEMA-DEAPMA) 
 
The cross-sectional views of an AMPS copolymer-TCPB blend membrane (B2) are 
shown in Fig. 5.2 at different magnifications. There was a scattered presence of granules 
with sizes up to ~100nm in the membrane. EDX analysis showed a higher sulfur/oxygen 
ratio at the granules than in the surrounding, suggesting that these granules were formed 
by the association of AMPS segments between neighboring chains of the AMPS 
copolymer during drying of the solution-cast membrane. The absence of distinct phase 
boundary between the granules and the surrounding matrix indicates extensive chain 
entanglement and attractive interaction between TCPB and the non-AMPS segments (i.e. 
HEMA-DEAPMA) of the AMPS copolymer (Figure 5.3). Miscibility was promoted by 
hydrogen bonding between the 4-VP units of TCPB and the terminal hydroxyl groups in 

















































rsion of GMA to DEAPMA
O
 functionality of the AMPS copolymer and acrylic TCPB. Nevertheless, the interactions 
between AMPS copolymer chains would compete with the interactions between AMPS 
copolymer and TCPB. The (HEMA-DEAPMA) segments, where a large number of 
flexible pedant hydroxyl groups congregated to give rise to strong polarity, are a 
determining factor. Large AMPS domains are expected from the interchain association of 
AMPS segments due to the interaction between (HEMA-DEAPMA) segments from 
neighboring chains, whereas the self-association of AMPS segments by intrachain 
interaction could only form smaller AMPS domains. It is interesting to note that 
membrane B4 (Figure 5.4), containing the AMPS copolymer with the highest AMPS 
content, displayed uniform distribution of a large number of smaller AMPS granules (~10 
nm) in the matrix. It can be seen from Table 5.1 that the (HEMA-DEAPMA)/AMPS ratio 
in the AMPS copolymer decreased monotonically from B1 to B4. The average length of 
(HEMA-DEAPMA) in the copolymer is expected to decrease correspondingly. The 
decrease in the (HEMA-DEAPMA) segment length in the copolymer in membrane B4 
had a greater impact on the interchain interaction of the copolymer chains than on the 
copolymer-TCPB interaction. The dispersion of the copolymer in TCPB was increased as 
a result, improving the miscibility between TCPB and the AMPS-copolymer. In short, the 
granules comprising primarily of AMPS segments were implanted in the TCPB matrix 
through the (HEMA-DEAPMA) “roots” and the extensiveness of these roots controlled 
the miscibility between TCPB and the AMPS copolymer, affecting a number of 




















































Figure 5.3 Schematic representation of the interaction between TCPB and the segments 











































Figure 5.4 Cross-section FESEM images of (a) membrane B4; (b) high magnification 
images of area І; (c) high magnification images area П 
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 DSC analysis of a typical AMPS copolymer (used in the formulation of B2) showed two 
prominent exothermic stages: from -20oC to 5o oC and from 102 C to 110oC respectively 
(Fig. 5.5a). These are indications of physical transformations from a meta-stable state of 
polymer chain packing to the corresponding equilibrium state. The meta-stable states 
were created by the rapid cooling of the DSC sample (-20oC/min) in the first scan. The 
first exothermic stage could be attributed to the relaxation of the tortuous twisted chain 
structure between HEMA and DEAPMA segments. The HEMA and DEAPMA segments 
with a high density of linear hydroxyalkyl side groups (scheme 5.1) were responsible for 
segmental motions at low temperatures. The second exothermic stage at higher 
temperatures was caused by stronger molecular interactions such as dipole-dipole and 
coulombic interactions between neighboring AMPS segments. These two types of 
interactions are central to establishing the granule-matrix morphology shown earlier. On 
the other hand, the DSC of membrane B2 displayed one exothermic stage between 22 and 
85oC instead of two exothermic stages as in the case of the AMPS copolymer (Fig. 5.5b). 
This rather broad energy releasing stage could arise from a large number of quenched 
energy states in the granules as well as in the interfacial regions between the granules and 
the contiguous phase shown in Figure 5.2. The meta-stable states were also detected in 
other AMPS copolymer-TCPB blend membranes.  
 
In contrast to the thermal response of B2, the DSC profile (Fig. 5.5c) of a membrane 
consisting of TCPB and P(AMPS-HEMA-GMA) (where GMA was used instead of its 
derivative, DEAPMA, in the copolymer formulation, see Scheme 5.1), exhibited only 
endothermic physical transitions. Glass transitions typical of those of TCPB (Fig. 5.5d) 
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 were detected in the temperature range of 5 to 50oC (Tg1) and of 80 to 125oC (Tg2). It may 
be inferred that association of the interchain AMPS segments in P(AMPS-HEMA-GMA) 
was weaker than in the case of P(AMPS-HEMA-DEAPMA). This was caused by the 
different physicochemical properties of the GMA and DEAPMA moieties: the former 
carries an epoxide end group while the latter a branched tri-hydroxyl and tertiary amine 
end group. The branched groups are easier to induce polymer segment-segment 
interactions, and hence the association between AMPS segments from neighboring 
copolymer chains. The better mixing between TCPB and P(AMPS-HEMA-GMA) due to 
reduced AMPS association resulted in the elimination of the meta-stable domains as well 
as the broadening of the glass transition range of TCPB, and the endothermicity (as 
shown by the depth) in each Tg step. However, the conversion of the GMA unit to the 










Figure 5.5 Typical DSC spectra of (a) P(AMPS-HEMA-DEAPMA), (b) B2 
membrane, (c) P(AMPS-HEMA-GMA)/TCPB, (d) TCPB 
 















 5.3.2 Structure-Dependent Water Uptake and Ion Exchange Capacity  
 
The matrix water content in PEM is important to fuel cell performance because it affects 
both proton conductivity and methanol permeability. The state of water in particular has a 
strong influence on proton transport properties (Cho et al., 2004b). Usually water in the 
membrane exists in one or more of the following states: free water, freezing bound water 
and non-freezing bound water. Free water is water that behaves similarly to bulk water 
(Higuchi and Iiijia, 1985). Freezing bound water is water that freezes slightly below 0oC 
due to weak interaction such as hydrogen bonding with the hydrophilic groups in the 
polymer. Non-freezing bound water is water that has no detectable phase transition from 
-73 to 0oC because of strong interaction with the associate groups (i.e. sulfonic acid 
groups in the current case) of the polymer (Karlsson et al., 2002). When a frozen 
membrane sample is heated in DSC, the heat required to melt the frozen water can be 
measured (Fig.5.6). From experimental measurements the maximum fusion heat of B3 
occurred at about 3oC but not at 0oC, showing the effect of weak interaction. This portion 
of water may be considered as freezing bound water, which mainly existed inside the 
AMPS granules.  
 
The non-freezing bound water content was experimentally found to increase with the 
content of AMPS copolymer in the membrane (Table 5.1). While the bound water to total 
water ratio was nearly constant from B1 to B3, it was noticeably lower in membrane B4. 
The higher and unvarying bound to total water ratio for membranes B1-B3 correlates well 
with the presence of larger AMPS granules serving as “bound-water reservoirs”. The 
 108
 better mixing between the AMPS copolymer and TCPB in B4 diminished the size of the 
AMPS granules, and correspondingly the bound water content. The shift in the principal 
component of the water fusion peak from 3o oC to 0 C (Fig. 5.6) is an indication of the 





















Figure 5.6 DSC melting curve of hydrated B3 and B4 membranes 
 
The general increase in the experimental IEC values with AMPS content (Table 5.2) was 
expected and easily understood since the sulfonic acid groups in AMPS were the proton 
source. However, less than 50% of the sulfonic acid groups were ion-exchangeable, as 
shown by titrated IEC values (meq –SO3H/g) significantly lower than the values based on 
the complete dissociation of the AMPS supplied. The poor ion-exchangeability could be 
caused by the presence of tight boundaries surrounding the AMPS granules shown in Fig. 
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 5.3, which raised the diffusion barrier to the exchange between protons and the much 
larger size Na+ ions. B4 exhibited a slight reversal of trend in ion-exchangeability which 
could be rationalized in terms of its aforementioned different membrane structure and its 
lower bound water content. 
    
5.3.3 Proton Conductivity 
 
Figure 5.7 shows the membrane proton conductivities as a function of temperature and 
composition. On the whole the conductivity values fell within the range of 10-3-10-2 S/cm. 
There were two notable trends with respect to membrane composition: First, a general 
increase in proton conductivity with sulfonic acid content from B1 to B3, and a reversal 
of trend in B4. Consequently membrane B3 had the highest conductivity in the 
temperature range examined, suggesting that its sulfonic acid content was closest to the 
optimal. Second, membranes B1 to B3 showed a sharper increase in proton conductivity 
with temperature between room temperature and 70oC, and a more gradual increase 
thereafter.  This was not as apparent in the case of B4. 
 
The optimal sulfonic acid content for B3 could be the result of high ion-exchangeability 
of protons and high bound water content. It is envisioned that in the granule-embedded 
morphology of B1-B3, the granules were domains of high proton concentrations, and 
proton transfer between granules proceeded through channels made up of hydrophilic 
HEMA-DEAPMA segments radiating outwards from the granules (Figure 5.3). A 
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 significant deviation from this structured matrix, such as in the case of B4, would 
compromise proton conductivity. The AMPS granules could also serve as miniature 
water-reservoirs at elevated temperatures, thereby preserving the moisture content in the 
matrix for proton conduction by either the Grotthuss mechanism, the vehicle mechanism, 
or both (Kreuer, 1996; Pivovar et al., 1999).   
 































Figure 5.7 Proton conductivities of AMPS copolymer –TCPB blend membranes 
 
The temperature dependence of proton conduction followed approximately the Arrhenius 
relationship, i.e. 1
T
lnσ  varied linearly with , whereσis proton conductivity (in S/cm). 
The Arrhenius plots in Figure 5.8 for B1-B3 could be fitted to two straight lines with 
different slopes, which could be explained by the granule-embedded matrix structure as 
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 follows: Generally temperature affects both the hopping of protons over matrix water 
molecules or pendant –OH groups (the hopping mechanism), and the creeping of 
hydrophilic polymer segments (segmental motion mechanism), with the former requiring 
a lower activation energy than the latter. The benchmark Nafion®117 sample fitted the 
Arrhenius relationship well, as is expected from hopping conduction by way of the highly 
fluidic water channels in Nafion® (Kreuer, et al., 2004). Proton conduction occurred by 
proton hopping in all four membrane matrixes (B1-B4), and the more gradual increase in 
conductivity between 70 to 90oC is an indication of the limitations in transferring protons 
across the hydrophilic (i.e. the granules)/predominantly hydrophobic (i.e. TCPB) 
interfaces. Segmental motions contributed little to proton conduction in B1 which had, on 
the average, a long path length between the AMPS granules. The segmental motions 
about the granules were unable to effectively shuttle protons between the granules. With 
the increase in the copolymer AMPS content, the number of AMPS granules became 
larger and the mean path length between granules became shorter. However, the degree of 
freedom of the (HEMA-DEAPMA) segments was also reduced because of the shorter 
length of these segments. Consequently, there existed an optimal composition for the 
hydrophilic copolymer chains, which could give rise to sufficient association between the 
AMPS segments without compromising the degree of freedom of (HEMA-DEAPMA) 
segments to undergo segmental motions along the periphery of the AMPS granules. The 
two copolymers used to make B2-B3 were close to such an optimal composition; and 
hence were more effective in shuttling protons between the AMPS granules.  While B4 
had the highest hydrophilic content among the four membranes, its (HEMA-DEAPMA) 
segments in the hydrophilic copolymer lacked sufficient mobility because of their short 
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 average segment length and their stronger interaction with the TCPB phase. Besides, the 
smaller AMPS granules with their lower freezing-bound water content could also be 
responsible for the lower proton conductivity of B4 compared with B2 and B3. In brief, a 
high density of AMPS granules of sufficient size and radiating hydrophilic segments 
which dispersed well in a predominantly hydrophobic TCPB matrix, e.g. in B2 and B3, 










                   

























Figure 5.8 Temperature dependence of proton conductivity of AMPS copolymer-TCPB 
blend membranes and Nafion® 117 
 
5.3.4 Methanol Permeability 
 
The methanol permeabilities of membranes B1-B4 were all substantially lower than that 
of Nafion®117 (Fig. 5.9). In general, there was a trade off between methanol resistance 
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 and proton conductivity. Among the four membranes B2 had the best balance of 
properties, showing proton conductivity of 0.01 S/cm and methanol (in 4M aquatic 
solution) permeability of 2.5×10-7 cm2/s at 30oC. The corresponding values for Nafion® 
117 were 0.05 S/cm and 2.4×10-6 cm2/s respectively. Methanol permeation occurred 
mainly in the hydrophilic phase which could be easily solvated by methanol solution. 
Methanol permeability could in principle be lowered by controlling the amount of free 
water in the membrane while maintaining a sufficient amount of bound water for proton 
conduction. Decreasing the width of the hydrophilic channels and increasing the 
lyophobicity of the structural phase are some of the general means. Nafion®, despite 
forming highly-packed nano-structured hydrophilic channels, actually consists of 
low-molecular weight sulfonated perfluoro-polymer molecules which can be easily 
solvated by methanol solution because of their relatively short hydrophobic chains. 
Consequently methanol crossover is high in Nafion®. In this context, the resistance of the 
hydrophobic polymer chains (the structural component) to methanol solvation is the key 
consideration. In the four polymer blend membranes, hydrophobic TCPB was the 
continuous phase where the diffusion of methanol solution was inhibited. The presence of 
hydrogen bonding between the 4-VP segments of TCPB and the (HEMA-DEAPMA) 
segments of the AMPS copolymer connected up the two phases intimately (Pei et al., 
2006a), thereby distributing the resistance to methanol permeation.  As a test for the 
lyophobic property of TCPB for methanol, we examined the changes in the rheological 
behavior of TCPB molecular coils in methanol-containing solvents (Fig. 5.10). In the 
experiment, changes in the viscosity of TCPB solution in MEK (an excellent solvent for 
TCPB) with different amounts of methanol were measured. The decrease in solution 
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 viscosity with increasing methanol content indicated clearly that the TCPB molecules had 
undergone contraction in the presence of methanol, proving that methanol is an 
anti-solvent. These measurements showed that the TCPB chains were quite sensitive to a 
modest increase in methanol even in an excellent solvent environment. Such 
repulsiveness to methanol molecules at the molecular level gave rise to a relatively low 







































































 TCPB (methanol+MEK) (V:V=1:9)











This work focused on the development of low cost methanol-resistant polymer electrolyte 
membranes (PEMs) for direct methanol fuel cell applications. The PEMs were  
formulated as a composite of two polymer systems; A predominantly hydrophobic 
acrylic-based three-component polymer blend (TCPB) of poly(4-vinylphenol-co-methyl 
methacrylate), poly (butyl methacrylate) (PBMA) and Paraloid® B-82 resins as the 
methanol blocking phase, and dispersed hydrophilic copolymer of 2-acrylamido-2-methyl 
propanesulfonic acid (AMPS), 2-hydroxyethyl methacrylate (HEMA) and 
2-hydroxyl-3-(diethanolamino)-propylmethacrylate (DEAPMA) as the proton source and 
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 distributed proton conduction channels. The presence of microscale heterogeneity in the 
form of nano-size AMPS granules in a continuous amphiphilic matrix was detected in the 
FESEM images of AMPS copolymer-TCPB blend membranes. The effects of the AMPS 
copolymer-TCPB blend composition on matrix-water uptake and temperature-dependent 
proton conductivity were discussed. The methanol permeability of the AMPS 
copolymer-TCPB blend membranes was in the range of (1.25~8) ×10-7 cm2/s, lower than 
that of Nafion® -6117 (ca. (2.2~2.4) × 10  cm2/s), while the highest proton conductivity at 

















 CHAPTER 6 
 
EFFECTS OF POLYANILINE CHAIN STRUCTURES ON PROTON 
CONDUCTION IN A PEM HOST MATRIX 
 
6.1 Introduction  
 
The asymmetric PEMs generated by the embedded polymerization of AMPS in a 
hydrophobic-dominant amphiphilic polymer matrix reported in Chapter 4 displayed low 
methanol permeability (10-7cm2/s) and good thermal stability. However, the proton 
conductivity of these AMPS-containing membranes was lower than that of Nafion® 
membranes, especially at room temperature. This chapter reports the polyaniline (PAn) 
modification of these PEMs that led to noticeable improvements in proton conductivity. 
 
Conducting organic polymers with a conjugated backbone such as polyaniline (PAn) can 
be an appealing structure for proton migration because of extensive charge delocalization 
and structural coplanarity (Chen and Hong, 2001). However, PAn has thus far been used 
more as a carbon supplement in the fabrication of membrane electrode assemblies 
(MEAs). For example Gharibi et al. (Gharibi, et al., 2006) fabricated cathode MEAs for 
hydrogen PEM fuel cells from Nafion®/polyaniline blends and reported improvements in 
catalyst effectiveness and electrode performance. The use of PAn as a PEM modifier was 
recently demonstrated by Li et al. (Li  et al., 2006)  using sulfonated poly(ether ether 
ketone ketone) (PEEKK) as the polymer host. Since PAn can exist in several oxidation 
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 states, it is unclear how a particular oxidation state affects proton transport through the 
polymer host matrix containing a low concentration of colloidal PAn particles.  
 
Two PAn attributes were examined in this chapter: the particulate geometry and the PAn 
oxidation state. PAn nanoparticles were synthesized by inverse miniemulsion 
polymerization and by interfacial polymerization to vary the morphology and the 
oxidation state, and were dispersed into an AMPS containing PEM during embedded 
polymerization. As the loading of PAn (<3 wt%) in the polymer host matrix was below 
the percolation threshold (>10 wt%) for forming an electronically conducting network, 
the presence of PAn colloidal particles in the membrane would not short-circuit the fuel 
cell electrodes. A promotional effect on proton transport was detected in the presence of 
the PAn fillers. A number of structural factors of PAn were found to have impacted 
proton conduction including the alignment of the PAn chains, the oxidation state, the 
protonation extent, and the interaction between PAn and the hydrophilic segments of the 
polymer host.   
 




2-acrylamido-2-methyl propanesulfonic acid (AMPS), poly (4-vinylphenol-co-methyl 
methacrylate) (51 mole% 4-VP), poly (butyl methacrylate) (PBMA, average Mw = 
337000), methyl ethyl ketone (MEK), N, N-Dimethylformamide (DMF) (HPLC grade), 
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 toluene (99.8%), heptane (anhydrous), benzyl peroxide (BPO), sodium bis(2-ethylhexyl) 
sulfosuccinate (Aerosol-OT, or AOT), aniline (99.5%), ferric(Ш) chloride, ammonium 
peroxydisulfate, acetone, hydrazine, potassium dichromate were purchased from Aldrich. 
Paraloid® B-82 acrylic copolymer resins (56.1 wt% methyl methacrylate and 43.9 wt% 
ethyl acrylate) were supplied by Rohm & Haas. 2-hydroxyethyl methacrylate (HEMA) 
and poly(ethylene glycol) dimethylacrylate (PEGDMA, Mw=550) from Aldrich were 
used for copolymerization after the removal of the hydroquinone (HQ) inhibitor by an 
inhibitor removal column provided by Aldrich.  
 
6.2.2 Preparation of Polyaniline 
 
Method Ι: Inverse miniemulsion polymerization  
 
15 mg AOT was dissolved in 20ml heptane. 1ml of an aqueous aniline solution 
(0.015g/ml), after neutralization by 2M sulfur acid, was introduced to the AOT solution 
in heptane under vigorous stirring for 2h to form a miniemulsion. A concentrated (5 M) 
solution of FeCl3 in ethanol (0.2ml) was then added to the miniemulsion. The oxidative 
polymerization of aniline occurred quickly, and was complete in two hours. The resultant 
black powder after washing with water and drying in vacuum at 80oC for 24h, was 
denoted as PAn(1).  
 
 Method Π: Interfacial polymerization  
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 )Ammonium peroxydisulfate (NH4 2S O2 8 (0.23g) was dissolved in 40ml of 1.0M aqueous 
AMPS solution in a 200ml beaker. To this was added, gently and with slight agitation 
along the sides of the beaker, a solution of aniline (0.4ml) in toluene (40ml). The toluene 
solution of aniline formed a water immiscible layer on the aqueous solution. After the 
water-toluene interface had became distinct and disturbance-free, 1ml of aqueous AOT 
solution (5mg/ml) was injected gently with a syringe into the bottom aqueous layer just 
below the interface. The resulting two-phase system was covered with an aluminum foil 
to minimize solvent evaporation and left unperturbed for ~12h. During the very early 
stages of the reaction (~10min), a gradual darkening could be observed at the interface 
followed by gravitating thin streaks of dark green material in the aqueous phase. In the 
presence of AOT these streaks were formed predominantly on the sides of the beaker, 
caused probably by the crowding out of the monomer by the surfactant at the interface, 
squeezing the monomer to the side of the beaker. ~12h later, the reaction mixture was 
suction filtered and the dark green precipitate was washed repeatedly with water and 
acetone until the acetone washing was colorless. The dark green precipitate, after drying 
in vacuum at 80oC for 24h, was denoted as PAn(2). 
 
6.2.3 Preparation of PAn-AMPS-PEM 
 
Solution A: 300mg of poly (4-vinylphenol-co-methyl methacrylate), poly (butyl 
methacrylate) (PBMA), and Paraloid® B-82 acrylic copolymer resins (in weight ratio of 
1:1.7:0.3) were dissolved in 5ml MEK. A clear yellowish solution was obtained after 
stirring for 6h at room temperature. 
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Solution B: AMPS, HEMA, PEGDMA and an appropriate amount of the BPO initiator 
(at 7 wt% of the monomers total) were dissolved in DMF (3ml) at room temperature to 
form a clear colorless solution.  
 
Solutions A, B and PAn(1) or PAn(2) (in solid form) were mixed and stirred for 12h at 
room temperature. Solutions with different PAn contents were formulated (Table 6.1). 
The mixture was cast on a Telfon dish and dried at room temperature for 6 h to allow 
most of the MEK to evaporate. Further drying was carried out in N  atmosphere at 100o2 C 
for 24h. Free radical polymerization of the embedded monomers (AMPS, HEMA and 
PEGDMA) occurred during this drying period. A homogenous free-standing membrane 
was obtained, which could be easily peeled from the Teflon surface. The membrane was 
designated as PAn-AMPS-PEM. 
 
Table 6.1 Formulations of the PAn-AMPS-PEM membranes 
Solution BbMembranes PAna TCPB 
(g) (g) AMPS (g) HEMA (g) 
AMPS-PEM 0 0.3 0.1 0.2 
1%PAn-AMPS-PEM 0.006 0.3 0.1 0.2 
2%PAn-AMPS-PEM 0.012 0.3 0.1 0.2 
3%PAn-AMPS-PEM 0.018 0.3 0.1 0.2 
a. PAn represents either PAn(1) or PAn(2). 




 6.2.4 Characterizations 
  
The infrared spectra of PAn were sampled by the KBr method on a Bio-Rad FTS 135 
FTIR spectrometer to examine the effect of different chain compositions on the 
characteristic vibrations of the PAn functional groups.  The morphology of PAn was 
examined by a JEM-2010 transmission electron microscope operating at 200kV and by a 
JEOL JSM-6700F field emission scanning electron microscope operating at 5kV. XPS 
measurements were carried out on a VG ESCALAB MkⅡ spectrometer using a Mg Кα 
X-ray source (1253.6eV photons) and a constant retard ratio of 40. X-ray powder 
diffraction (XRD) patterns of the PAn particles were recorded by a Rigaku D/Max-3B 
diffractometer (Shimadzu), using CuKα radiation (λ = 1.5406 A
0
). The diffraction data 
was curve fitted by a least square program provided by the equipment manufacturer. 
Interactions between P(AMPS-HEMA) and PAn particles were characterized by a BIC 
Zetaplus zeta potential analyzer and by a Brookhaven 90Plus particle size analyzer. For 
laser scattering measurements a dilute solution of P(AMPS-HEMA) (40mg/ml of DMF) 
was prepared into which PAn was dispersed (ca. 8-10 mg/ml of solution). Zeta potential 
measurements followed the same procedure except that water was used instead of DMF as 
the solvent. UV-Vis spectra of P(AMPS-HEMA)/PAn solutions in DMF (1ml, w/w: 98/2) 
were collected on a UV-Vis Spectrometer (Shimadzu UV 2450). For proton conductivity 
measurements, a membrane disc (d =1.85cm) was equilibrated in deionized water for 24h 
prior to the measurements. The hydrated disc was sandwiched between two stainless steel 
disk electrodes to form a blocking cell. The electrochemical impedance spectra (EIS) of 
the test cell was recorded in the frequency range from 1Hz and 1MHz using an Eco 
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 Chemie PGSTAT 30 poteniostat/galvanostat fitted with a frequency response analyzer 
module.  
 
6.3 Results and Discussions 
 
6.3.1 The Chain Configurations of Polyanilines   
 
Polymerization of aniline in tiny aqueous droplets which are dispersed and stabilized in 
an oil (or organic) phase, i.e. inverse miniemulsion polymerization (Marie, et al., 2003),  
was used in this work to produce highly crystalline PAn submicron sized particles. The 
resulting PAn(1) was a collection of discrete submicron bar-shaped particles (Fig. 6.1a). 
This contrasts strongly with the product of interfacial polymerization, PAn(2), which had 
a continuous scaffold-like structure (Fig. 6.1b). The FTIR spectra of PAn(1) and PAn(2) 
(Fig. 6.2) exhibited a set of vibrational absorptions close to those reported in the literature 
(at 832, 1164, 1308, 1498 and 1590cm-1)(Furukawa, et al., 1988; Zeng and Ko, 1998). 
These frequencies are commonly assigned to the out-of-plane bending of C-H on 
para-disubstituted rings (832 cm-1), and to the stretching vibrations of C-N (1308 cm-1), 
benzenoid rings (1498 cm-1), and quinoid rings (1590 cm-1) respectively. In addition, the 
absorption at 1164cm-1 is considered as a characteristic of the skeletal vibration of the 
conjugated backbone (where all C and N atoms adopt the sp2 hybridization, i.e. in the 
(1-y) repeating units in Fig. 6.3) of PAn. A comparison of analogous frequencies in 
Figure 6.2 showed that PAn(1) had a lower skeletal vibration (at 1140 cm-1) than PAn(2) 
(at 1150cm-1). This was consequential upon the presence of a larger number of quinoid 
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 repeating units in PAn(1). An extensive extent of conjugation, and the presence of 
positively charged imine groups (–N+=), contributed collectively to the down-shifting of 
the skeletal vibration frequency of the conjugated segment because of the weakening of 




















































































Benzenoid diamine Quinoid diimine
 
 
Figure 6.3 Structure of polyaniline: (1) y=1 is known as leucoemeraldine; (2) y=0.5 is 
known as emeraldine and (3) y=0 is known as pernigraniline 
 
It is interesting to note that the quinoid peak (1570 cm-1) and the benzenoid peak (1480 
cm-1) in PAn(1) were about equal in intensity (Figure 6.2), an indication of structural 
similarity to the emeraldine form of PAn (y=0.5 in Figure 6.3). In the PAn(2) spectrum, 
 however, the intensity of the 1580cm-1 peak was significantly weaker; suggesting the 
presence of a higher benzenoid to quinoid ratio in PAn(2). Because the benzenoid units 
are disruptive to the continuity of the conjugated structure, there was a shift in the 
corresponding IR band (the skeletal vibration) to higher wavenumbers (viz. 1150cm-1). 
The PAn(2) chains were skewed at the benzenoid units because of the trigonal pyramidal 
shape of the __ __ NH junction, which could be the cause for the observed twisted 
nano-fiber structure (Fig. 6.4). On the other hand, a high extent of conjugation resulted in 
rod-like PAn(1) chains where, upon close packing, formed the bar-shaped PAn(1) 
particles shown in Figure 6.1a. XRD of these two forms of PAns showed completely 
different patterns (Fig. 6.5), from which we can infer that the high crystallinity in PAn(1) 
was induced by the aligned rod-like chains whereas PAn(2) fibers, with their random 
packing of coil-like chains, discouraged crystallization. Clearly, the reaction 
environments where aniline underwent polymerization had a large impact on the PAn 










       
 




























Figure 6.5 XRD patterns of PAn(1) and PAn(2) 
 
6.3.2 Oxidation State of Polyanilines  
 
PAn is known to exist in a number of oxidation states: ranging from the fully reduced 
form of leocuemeraldine, to the fully oxidized form of pernigraniline, with the mixed 
oxidation state of emeraldine being the commonest (Figure 6.3). The N1s spectrum of 
PAn can be resolved into five component peaks with binding energies (BE) at 398.20, 
399.39, 400.72, 402.57 and 405.80eV (Zeng and Ko, 1998; Ng, et al., 2001). The first 
four peaks are usually attributed to the nitrogen atoms in the following oxidation states: 
-N=, -NH-, -NH+--, and -N+=. The highest BE N1s peak (405.80eV) is the shake-up 
satellite of ionized nitrogen atoms in the PAn chains. The N1s core-level spectra of 
PAn(1) and PAn(2) particles were deconvoluted into four component peaks by 
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 curve-fitting (Fig. 6.6), since the shake-up satellites at the highest BEs were very weak in 



























(b) PAn (2) N1s
Figure 6.6 N1s core-level XPS spectra of (a) PAn(1) and (b) PAn(2) 
 
In this study, the literature values of emeraldine (EM) (Ng et al., 2001) were used as the 
reference for comparing with the PAn samples prepared by inverse miniemulsion 
polymerization and interfacial polymerization (Table 6.2). Relative to the EM reference, 
PAn(1) contained a slightly lower percentage of imine species both in their native form 
(at 398.2eV) and in their ionized form (at 402.57 eV).  Protonation of the amine and 
imine units in PAn(1) was expected from the use of a  strongly acidic polymerization 
condition. The imine units in PAn(1) were nevertheless reducible to as far as 
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 leocuemeraldine by hydrazine. Compared with PAn(1), PAn(2) contained a high 
percentage (~66%+16%) of the benzenoid units as measured by XPS. PAn(2) could be 
oxidized by dilute aqueous potassium dichromate solution to increase the proportion of 
the quinoid units. If the oxidation condition was intensified (row 7 in Table 6.2) a very 
high (85%+2%) content of quinoid units could be accomplished, and the resulting sample 
was nigraniline (NA)-like. In fact it is unclear whether PAn could be fully oxidized since 
pernigraniline is known to be unstable in the dry state (Kang, et al., 1998).   
 
Table 6.2 XPS analysis of the surface compositions of PAn in different oxidation states 
 
a: Based on reference (Ng et al., 2001) 
 
Fraction of N1s signal Sample Treatment Conditions 
-N= -NH- -NH+ -- -N+=
aPAn-EM ------- 0.48 0.40 0.12 (-N+-) 
PAn(1) From inverse miniemulsion 
polymerization  
0.26 0.40 0.18 0.12 
 
PAn(1)-LB Reduction of PAn(1) with 50 vol % 
aqueous hydrazine solution for 24h 
0.02 0.83 0.07 0.06 
PAn(1)-NA Oxidation of PAn(1) with 0.03mol/l 
ammonium peroxydisulfate for 24h 
0.80 0.10 0.06 0.03 
PAn(2) From interfacial polymerization 
method 
0.09 0.66 0.16 0.07 
PAn(2)-EM Treatment of PAn(2) with 0.01mol/l 
potassium dichromate for 24h 
0.30 0.45 0.10 0.08 
PAn(2)-NA Treatment of PAn(2) with 0.03mol/l 
ammonium peroxydisulfate for 24h 
0.85 0.08 0.04 0.02 
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 6.3.3 Interaction of PAn Colloidal Particles with P(AMPS-HEMA) 
 
The UV-Vis spectrum of polyaniline in an organic solvent generally displays two 
absorption maxima, at around 330nm and 630nm respectively. These absorption maxima 
have been assigned to the π-π* transition of the benzenoid rings and to the absorption of 
the quinoid rings respectively (Roeder et al., 2005). The P(AMPS-HEMA) solution was 
featureless in this spectra region. The P(AMPS-HEMA)/PAn(1) blend in DMF showed 
strong absorption at 830nm and a shoulder at 430nm (Figure 6.7). The 
P(AMPS-HEMA)/PAn(2) solution showed generally weaker absorption overall, but the 
830nm peak remained visible . It therefore appears that the absorption at 830nm 
correlated positively with the imine contents in PAn. Its displacement from 630nm, 
which is typically observed for neat PAn, indicates possibly the extensive protonation of 














































Figure 6.7 UV-Vis spectra of P(AMPS-HEMA) and P(AMPS-HEMA)/PAn 
 
The interaction between P(AMPS-HEMA) copolymer with PAn(1) or PAn(2) was further 
investigated by analyzing the dynamic volumes of the copolymer in a pure solvent 
(DMF) and in the colloidal dispersion of PAn in DMF (Fig. 6.8). The dilute copolymer 
solution in a good solvent (e.g. DMF) should have a very low degree of interchain 
association, and this was experimentally confirmed by light scattering measurements 
which determined the size of the solvated polymer coils to be ~20-25 nm. The particle 
size of PAn(1) was slightly larger than that of PAn(2) in DMF even though the PAn(1) 
colloidal particles were more positively charged by comparison (Table 6.2). When the 
PAn colloidal particles were mixed with the copolymer in DMF, light scattering 
measured very different resultant particle sizes. The particles in 
P(AMPS-HEMA)-PAn(1) were considerably larger than the particles in 
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 P(AMPS-HEMA)-PAn(2) (Figure 6.8). We hypothesize that this was due to the different 
types of copolymer-PAn associations shown in Figure 6.9. A PAn(1) particle could 
associate with a larger number of copolymer chains because of its higher imine content 
and its bar-shaped contour. On the contrary, a PAn(2) particle could only coordinate with 
a smaller number of copolymer chains because of its lower imine content and its irregular 
scaffold structure. The results of zeta potential measurements (in very dilute aqueous 
solution) also supported the above interpretation: the copolymer alone had ζ = -97 ~ -87 
mV, while for P(AMPS-HEMA)-PAn(1) ζ = -16 ~ -13 mV, and for 
P(AMPS-HEMA)-PAn(2) ζ = 0 ~ 2 mV. A net negative charge was detected because of 
the adsorption of multiple copolymer molecules to a central PAn(1) particle shown in 
Figure 6.9a more than compensated for the positive charge on the latter. The adsorption 
of the copolymer to PAn(2) (Fig. 6.9b) resulted in a smaller size for the composite 
particle (Figure 6.8) because of a weaker association between the two and the coexistence 
of adsorbed negative charge and exposed remaining positive charge on PAn(2) resulted in 
nearly zero charge overall.  

















































Figure 6.8 Dynamic light scattering analysis of interactions between PAn colloidal 






































Figure 6.9 Schematic illustration of adsorptive interactions between the polymer 
P(AMPS-HEMA) and PAn particles 
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 6.3.4 Promotional Effect of PAn on Proton Transport in the PEM Matrix 
       
The incorporation of colloidal PAn particles in the AMPS-PEM matrix occurred during 
the embedded polymerization process (Pei et al., 2006a). In the absence of PAn, our early 
work has shown that the membranes produced by embedded polymerization had a trilayer 
laminar structure (Fig. 6.10a). It is interesting to note that the implantation of a small 
amount (2%) of PAn(1) in the composite polymer matrix had generated a bilayer 
membrane structure instead. According to our understanding of the formation of the 
trilayer structure (Pei et al., 2006a), the interactions between the AMPS segments and  
PAn(1) particles had helped to reduce the agglomeration between the AMPS segments, 
and as a result no sedimentation of the copolymer granules occurred which was 
responsible for the creation of the trilayer structure. The formation of a bilayer membrane 
structure could be attributed to the repulsive interaction between TCPB and the 
hydrophilic copolymer, resulting in a P(AMPS-HEMA)-dominant lower layer. We have 
detected some diffused segregation of the PAn(1) particles near the lower boundary 
surface (Fig. 6.10b). It could indicate possibly a gradient distribution of PAn(1) particles 
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Figure 6.10 FESEM cross section images of (a) AMPS-PEM; (b) 2% PAn-AMPS-PEM  
 
It was found that PAn(1) and PAn(2) produced quite opposite effects on the proton 
conductivity as shown in Figure 6.11: Proton conduction was promoted by PAn(1) and 
inhibited by PAn(2). This phenomenon is deemed to have its origin in the chain 
composition. As mentioned above, PAn(2) contained a smaller imine (-N=) content and a 
higher amine (-NH-) content compared with PAn(1) (Table 6.2). The imine groups could 
have functioned as proton sweeping sites whereas the amine groups as proton trapping 
sites. There is some theoretical basis for such hypothesis: i.e. imine being a weaker Lewis 
base than amine. According to the schematic in Fig.6.9a, PAn(1) intervened the proton 
transport mechanism by providing adsorption sites for the copolymer chains. It is thus 
believed that proton-conduction enhancement occurred in the PAn(1)-enriched boundary 
region, which is adjacent to the electrode. Figure 6.11 also shows the effect of PAn 
loading on proton conductivity, where 2% was closest to the optimal composition for 
PAn(1)-AMPS-PEM. A drop in proton conductivity was observed on either side of the 
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 2% PAn(1) loading. The decrease in proton conductivity at high PAn loading (3%) could 
be caused by the formation of a congested boundary layer where the PAn(1) particles 
were closely packed and the copolymer chains there lost flexibility and mobility due to 
the oversupply of adsorption sites. This would constrict proton transport over the 
inter-particle gaps. For the PAn(2) particles, a higher PAn loading injected more base 
sites into the membrane matrix, and expectedly decreased the proton conductivity.     
 
In regard to the question of the PAn oxidation state on proton conduction, we noted that 
the beneficial PAn(1) was constituted more like protonated emeraldine whereas the 
adversarial PAn(2) was closer to protonated leocuemeraldine. Figure 6.12 shows that a 
more reduced form of PAn from the as-synthesized state always decreased proton 
conductivity. This is to be expected since a stronger presence of the amine groups 
associated with a lower oxidation state is adversarial. On the other hand, over-oxidation 
to the state of nigraaniline was equally counter-productive (Figure 6.12). This finding 
suggests that neither an excess of quinoid diimine structure nor benzenoid amine is 
desirable for facilitated proton migration. A proper balance of the imine and amine 
groups, such as that prevailing in the emeraldine-like constitution of PAn(1), appears to  
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Figure 6.11 Proton conductivities of the PAn-AMPS-PEM at room temperature 
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Figure 6.12 Effect of PAn oxidation state on the room temperature proton conductivities 
of 2%PAn-AMPS-PEM 
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 6.4 Conclusion 
 
This study investigated the effects of the addition of a controlled amount of polyaniline 
(PAn) (< 3 wt%) on the proton conduction in a PEM host matrix, and their possible 
causes. The PEM host matrix used for this study was a hydrophilic network of 
AMPS-HEMA implanted in the hydrophobic matrix (TCPB) by embedded 
polymerization. The PAn colloidal particles were synthesized by inverse miniemulsion 
polymerization and interfacial polymerizations, which resulted in different chain 
compositions and morphologies. The bar-shaped PAn(1) particles, which  contained a 
higher fraction of quinoid diimine units than the scaffold-like PAn(2) particles, displayed 
a stronger propelling effect on proton conduction. Besides, the oxidation states of both 
PAn particles were changed by ammonium peroxydisulfate (oxidant) or hydrazine 
(reductant) treatments. The mixed oxidation state of emeraldine showed better 
promotional effect on proton conduction. In particular PAn(1) could give rise to a room 
temperature proton conductivity 0.018S/cm for AMPS-PEM if its loading was kept 









 CHAPTER 7 
 
POLYMER ELECTROLYTE MEMBRANES BASED ON 







In this chapter, a crosslinked amphiphilic copolymer was used to produce PEMs with low 
methanol permeability without much loss of proton conductivity.  It is envisaged that 
the use of a single source material in the form of a copolymer could alleviate phase 
separation in the polymer composite approach. The hydrophilic segments of the 
amphiphilic copolymer could maintain proton conductivity while the hydrophobic 
segments could decrease methanol permeability. Up to now, there were very few 
publications on PEMs based on amphiphilic copolymers. In the design presented here, 
commercially available sulfopropyl methacrylate (SPM) was used to form the hydrophilic 
segments in the amphiphilic copolymer to maintain proton conductivity. The choice was 
based on the known mechanical and chemical stability of SPM-based polymers (Claudia, 
et al., 2004; Gan, et al., 2005). In addition, since a highly hydrophilic sulfonic acid group 
is part of the SPM monomer (Figure 7.1), sulfonation was avoided during membrane 
preparation. The acrylic functionality of the SPM units drove the formation of the 
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 hydrophobic segments in the amphiphilic copolymer. The known low solubility of the 









































2, 2, 3, 3-tetrafluoropropyl methacrylate (TFPM) 
 
Figure 7.1 Chemical structures of monomers 
 
Three series of amphiphilic copolymers based on SPM were synthesized and 
characterized in this chapter.  The first copolymer series was based on SPM, glycidyl 
methacrylate (GMA) and acrylonitrile (AN)(Carter et al., 2002).  2, 2, 3, 
3-tetrafluoropropyl methacrylate (TFPM) was introduced as an additional component in 
the formulation to form the second copolymer series (The chemical structures of the 
monomers used are shown in Figure 7.1). Due to the high hydrophobicity of TFPM, its 
addition could strengthen the repulsion between the hydrophilic segments and the 
hydrophobic segments in the amphiphilic copolymer, resulting in a more open copolymer 
network than in the first copolymer series. In the design of the third and the final 
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 copolymer series, some epoxy groups belonging to the GMA units of 
P(SPM-GMA-AN-TFPM) were opened by 1-methyl-piperazine in the presence of 
1-propanesulfonic acid. The introduction of pendent quaternarized piperazine groups as 
the side chains could generate more free volume for the amphiphilic network and enhance 
their proton-sweeping effects. Ethylene diamine was used as the cross-linking agent in all 
three series of copolymers to produce free standing membranes. The resulting membranes 
were designated as SPM1, SPM2 and SPM3 respectively. This chapter provides a 
detailed account of the fabrication process, and reports several membrane properties of 
importance to DMFC applications such as water uptake, ion-exchange capacity (IEC), 






3-Sulfopropyl methacrylate potassium salt (SPM), acrylonitrile (AN), 
1-hydroxycyclohexyl phenyl ketone, ethylene diamine (EDA), 1-methylpiperazine, 
3-bromopropanesulfonic acid sodium salt (BPASS), N,N-dimethylformamide (DMF) 
(HPLC grade), 1,4-dioxane and methanol (HPLC grade) from Aldrich and used without 
purification. 2,2,3,3-tetrafluoropropyl methacrylate (TFPM) and glycidyl methacrylate 
(GMA), also from Aldrich, were used after the removal of the hydroquinone (HQ) 
inhibitor. Nafion® 117 films with equivalent weight of 1100 used for the comparative 
study were also supplied by Aldrich. 
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7.2.2 Membrane Preparation 
 
SPM1 Membranes: GMA, AN in mole ratio of 1:2.4, a predetermined quantity of SPM,  
and 1-hydroxycyclohexyl phenyl ketone photo-initiator at 5wt% of the monomers total, 
were dissolved in 10ml DMF and irradiated with UV (using a Spectroline XL-1500) in 
nitrogen atmosphere at room temperature. A clear viscous yellowish solution was 
obtained after 6h of irradiation. Ethylene diamine in half the molar amount of GMA was 
added to the above solution and stirred for 5h at room temperature. The solution was then 
poured over a Telfon dish and cured at 80oC for 20h. A transparent homogeneous 
membrane was obtained which could be easily peeled from the Telfon surface. 
 
SPM2 Membranes: All the steps for the preparation of SPM1 membranes were 
replicated except that the initial mixture was replaced by: GMA, AN and TFPM in molar 
ratios of 1:2.4:0.3, a predetermined quantity of SPM, and 1-hydroxycyclohexyl phenyl 
ketone photo-initiator at 5wt% of the monomers total. 
 
SPM3 Membranes: A P(SPM-GMA-AN-TFPM) solution was first prepared according 
to the procedures for the SPM2 membranes. Equimolar quantities of 1-methylpiperazine 
and 3-bromopropanesulfonic acid sodium salt (BPASS) (~ 1mM) were dissolved in 2ml 
DMF and refluxed at 90oC for 24h in N2 atmosphere. A transparent brown solution 
(product (a)) was obtained. Product (a) was diluted with 3ml 1,4-dioxane, and added to 
the P(SPM-GMA-AN-TFPM) solution for reaction at 80oC for 3h. A yellowish solution 
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 (product (b)) was produced. Ethylene diamine in one-third the molar quantity of GMA 
was added to product (b) and stirred for 5h at room temperature. The solution was then 
poured over a Telfon dish and cured at 80oC for 20h. A transparent homogeneous 
membrane was formed which could be easily peeled from the Telfon surface. The process 
flow sheet is depicted in Scheme 7.1. 
 
The formulations used for the preparation of the SPM membranes are summarized in 
Table 7.1 for easy reference. All SPM membranes were equilibrated with 1M sulfur acid 
for 24h and dried in an oven before the characterization runs. 
 
Table 7.1 Formulations of SPM membranes 
 
Membranes SO H SPM GMA AN TFPM Product 
(a)(g)
3
a(mmol/g) (g) (g) (g) (g) 
SPM1-1 0.8 0.12 0.24 0.24 -- -- 
SPM1-2 1.0 0.16 0.24 0.24  -- 
SPM2-1 0.8 0.12 0.24 0.235 0.02 -- 
SPM2-2 1.0 0.16 0.24 0.235 0.02 -- 
SPM3-1 1.3 0.12 0.24 0.235 0.02 0.175 
SPM3-2 1.4 0.16 0.24 0.235 0.02 0.175 
a: see Scheme 7.1 for the structure of product (a). The weight value of product (a) was estimated by the 
























































































80oC, curing for 24h 
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 7.2.3 Characterizations of SPM Membranes 
 
The molecular structures of the SPM-based copolymers were determined by FTIR. IR 
spectra were recorded on a Bio-Rad FTS 135 FTIR spectrometer using the KBr pellet 
method. Each spectrum was the result of 40 scans in the range 400 to 4000 cm-1 sampled 
at 8 cm-1 resolution. 
 
The cross-sectional morphologies of the membranes were examined with a field emission 
scanning electron microscope (JEOL JSM-6700F operating at 5kV).  
 
The thermal stability of the membranes was evaluated by thermogravimetric analysis 
(TGA) (TA Instruments TGA 2090 analyzer). TGA measurements were carried out in N2 
atmosphere from room temperature to 700ºC at a heating rate of 10°C per min. 
 
The membrane phase compositions were characterized by differential scanning 
calorimetry (DSC) using a DuPont TA 2910 calorimeter. DSC runs began with heating a 
sample from -20 to 150oC at 5oC/min. The sample was then heat-soaked at 150oC for 
1min before it was cooled to -20o oC at 20 C/min.The first heating and cooling cycle was 
necessary to eradicate the effect of thermal history in sample preparation. DSC spectra 
were then collected from the second heating cycle at 10oC/min. 
 
7.2.4 Ion Exchange Capacity (IEC) 
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 Ion exchange capacities (IEC values) were measured by the classical titration technique. 
Each membrane was placed in 15ml 0.05M sodium chloride aqueous solution for 24h to 
exchange the protons with sodium ions. The ion-exchanged (hydrogen chloride) solution 
was titrated to pH7.0 with 0.05M sodium hydroxide aqueous solution and end-point 
detection by a pH meter (Schott). Each exchanged NaCl solution was titrated thrice and 
the mean titrate volume was used for the IEC calculations. 
 
7.2.5 Water Uptake 
 
A weighed membrane after vacuum drying at 70oC for 24h was placed in room 
temperature deionized water for 24h. The total water content in the membrane at ambient 
temperature was determined by the difference between the dry weight and the wet weight 
of the membrane.  
 
7.2.6 Proton Conductivity 
 
The membranes were cut into circular discs 1.85cm in diameter, and fully hydrated with 
deionized water for 24h prior to the measurements. A membrane disc was sandwiched 
between two aluminum electrodes to form a symmetric test cell. Proton conductivities 
were measured in the temperature range 30o oC to 90 C with 90min of equilibration at each 
temperature, and by electrochemical impedance spectroscopy (EIS) between 1Hz and 
1MHz on an Eco Chemie PGSTAT 30 poteniostat/galvanostat equipped with a frequency 
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 response analyzer module.  
 
7.2.7 Methanol Permeability 
 
Methanol permeability measurements were carried out using a glass diffusion cell. One 
compartment of the cell (VA =50 ml) was filled with 2M methanol solution (8 vol%, 
typical of the concentration used in DMFCs). The other (VB =50 ml) was filled with 
deionized water. The membrane (area 4.90 cm2) after fully hydrated with deionized water 
for 24h was clamped between the two compartments which were kept stirred throughout 
the experiment. A methanol flux was set up across the membrane as a result of the 
concentration difference between the two compartments. The concentration of methanol 
diffused from compartment A to B across the membrane was monitored as a function of 
time using a gas chromatograph (Shimadzu, GC2010) with a flame ionization detector.  
1-butanol was used as an internal standard. A detailed description of the experimental 
set-up and procedure can be found elsewhere (Pei, et al., 2006b). 
 
7.3 Results and Discussions 
 
7.3.1 Structural Characteristic of the SPM Membranes 
 
The FTIR spectra of P(SPM-GMA-AN), P(SPM-GMA-AN-TFPM) and product (b) from 
Scheme 7.1 are shown in Figure 7.2. The features common to the IR spectra of these 
copolymers were –C=O group vibration at 1750cm-1 and –CN group vibration at 
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 2250cm-1. The presence of SPM in these copolymers was confirmed by characteristic IR 
absorptions of the S=O group at 1150 and 1200cm-1. The FTIR spectra of 
P(SPM-GMA-AN) and P(SPM-GMA-AN-TFPM) also showed the characteristic 
absorption of epoxy ring stretching at 1250cm-1. –C-F stretching at 2850cm-1 was 
detected in P(SPM-GMA-AN-TFPM). The evidence for product (b) formation upon 
reaction between product (a) and the epoxy group of GMA was provided by νC-N 
stretching from the ternary amine group (-N<), which gave rise to the weak and broad 
absorption at 1375cm-1 in the IR spectrum of product (b). The FTIR spectra of product 
(b) showed very weak characteristic absorption of epoxy group at 1250cm-1 because of 
most of epoxy groups were opened by product (a).   
 
The cross-sectional views of the three SPM membrane series in Figure 7.3 show 
generally very good mixing of the polymer constituents. Miscibility between the phases 
was driven by the compatibility between the acrylic functionality of SPM-GMA-TFPM 
and AN. The homogeneous membrane structure was also echoed in the DSC spectra of 
Figure 7.4. The DSC analysis of SPM membranes showed only one prominent 
endothermic physical transition attributable to the glass transition of the SPM segments in 
the amphiphilic copolymer. Glass transitions in SPM1-1 and SPM2-1 membranes were 
detected in the temperature range of 119o o oC to 124 C and 104 C to 127oC respectively. 
The broader glass transition in the SPM2-1 membrane suggests that the 
P(SPM-GMA-AN-TFPM) copolymer was more flexible and less compact than the 
P(SPM-GMA-AN) copolymer. This was consequential upon the designed presence of the 
additional component, TFPM. Glass transition in the SPM3-1 membrane occurred 
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 between 100o oC and 126 C. Contrary to the thermal response of SPM1-1 and SPM2-1 
membranes, the broadest glass transition in the SPM3-1 membrane was caused by the 
pedant quaternarized piperazine groups in the side chains. The introduction of side chains 
in the amphiphilic copolymer network rendered the network more flexible and increased 
the free volume. These structural changes were also evident in the measured trends of 
water uptake and ion exchange capacity, which will be discussed later. 
 
Two membranes were produced for each SPM copolymer series to investigate the effect 
of increasing sulfonic acid content (contributed by SPM for SPM1 and SPM2 
membranes; contributed by SPM and product (b) for SPM3 membranes) on glass 
transition. The results from the SPM2 membranes were used here as example (Figure 
7.5). Glass transition in SPM2-2 with the higher sulfonic acid content (94o oC to 127 C) 
was similar to that in SPM2-1, except that the onset of glass transition had been lowered 
by a few degrees. This was possibly due to the longer polymer backbone in SPM2-2 
when the degree of polymerization was raised by increasing the amount of SPM at the 

























Figure 7.2 FTIR spectra of P(SPM-GMA-AN), P(SPM-GMA-AN-TFPM), and product 










































Figure 7.3 FESEM cross-section images of (a) SPM1 membranes; (b) SPM2 membranes; 
(c) SPM3 membranes 
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Figure 7.5 Typical DSC spectra of SPM2-1 and SPM2-2 membranes 
 
7.3.2 Structure-Dependent Water Uptake and Ion Exchange Capacity  
 
The proton conductivity of PEMs is dependent on the number of acid groups in the 
polymer, their dissociability into protons, and the physicochemical nature of the sites 
involved in proton transport (Eikerling and Kornyshev, 2001). Water molecules attached 
to the sulfonic acid groups are easily protonated to form hydronium (e.g. H3O+ +, H O5 2 , 
etc.) ions. Since proton transport occurs predominantly by hopping through the water 
molecules, a threshold of matrix water is required to main proton conductivity. On the 
contrary, excessive water would result in membrane swelling, mechanical frailty and 
dimensional changes leading to poor  application performance in fuel cells (Gao et al., 
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 2003b). Figure 7.6 shows the results of water uptake measurements at room temperature 
for the three SPM membrane series. In each series the water uptake correlated positively 
with the sulfonic acid content. Compared with the water uptake in Nafion®117, the water 
uptake in SPM1 membranes was noticeably lower, even though the sulfonic acid content 
was varied between 0.8 to 1.0mmol/g (0.9mmol/g for Nafion®) This is easily 
understandable since the SPM1 membranes were formulated with the strongest presence 
of the hydrophobic monomers (Table 7.1). Water uptake was higher in the SPM2 
membranes because of the structural changes associated with the addition of TFPM, 
which rendered the copolymer network less compact and hence could retain more water. 
Water uptake was highest in the SPM3 membranes, which could reach 60% and above. 
This could be attributed mainly to the presence of pendent quaternarized piperazine 
groups in the side chains, which introduced additional sulfonic acid contents and also 
increased the polymer free volume. In addition, The SPM membranes were random 
copolymer systems. It was reported (Hickner and Pivovar, 2005) that the hydrophobic 
domains in random copolymers are not as well organized and their cohesive interactions 
are much weaker resulting in a higher extent of water swelling. In order to mitigate the 
undesirable mechanical properties associated with a high level of water uptake, a denser 
membrane network was deemed to be more suitable. This could in principle be done by 
increasing the amount of ethylene diamine used. Experimentally ethylene diamine in 
molar amount equal to that of GMA amount was able to reduce to the water uptake to 
42% even at the same sulfonic acid content as that in the SPM3-2 membrane. However, 
the resulting membrane was too brittle to be of any practical value.  In short, the water 
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 content in the membranes was more dependent on the copolymer structure, the sulfonic 
acid content than on the degree of cross-linking. 
 
 
































Figure 7.6 Water uptake of SPM1, SPM2 and SPM3 membranes 
 
Ion exchange capacity measures the amount of ionizable acid groups in a polymer matrix 
which results in proton conduction. It is therefore an indirect indicator of proton 
conductivity. The IEC values of the SPM membranes are summarized in Table 7.2. Since 
the sulfonic acid groups are the only ionizable groups in the membranes, the increase in 
the IEC values with sulfonic acid contents was expected and easily understood. However, 
less than 60% of the sulfonic acid groups were ion-exchangeable, as shown by titrated 
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 IEC values (meq –SO3H/g) which were substantially lower than theoretical values based 
on simple stoichiometry considerations. The poor ion exchangeability could be caused by 
the strong presence of the hydrophobic components (relative to Nafion®) in the 
amphiphilic copolymer network (Table 7.1).  
 
Table 7.2 IEC values of SPM membranes 








SPM1-1 0.8 0.8 0.338 42.2% 
SPM1-2 1.0 1.0 0.434 43.4% 
SPM2-1 0.8 0.8 0.364 45.5% 
SPM2-2 1.0 1.0 0.481 48.1% 
SPM3-1 1.3 1.3 0.718 55.2% 
SPM3-2 1.4 1.4 0.802 57.3% 
 
7.3.3 Thermal Stability 
 
The thermal stability of the SPM membranes was evaluated by TGA (Figure 7.7).  The 
SPM1, SPM2 and SPM3 membranes all had rather similar TGA profiles, displaying two 
stages of weight loss due to structure degradations occurring between 270o oC and 350 C, 
and between 350o oC and 450 C respectively. The graduate weight loss below 270oC could 
be attributed to the loss of physisorbed water. The weight loss below 270oC for the SPM3 
membranes was somewhat higher than those in the SPM1 and SPM2 membranes. This is 
indicative of the higher water (moisture) absorptivity of the SMP3 membranes because of 
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 their high sulfonic acid content. Meanwhile, for each series of the SPM membranes, a  
higher sulfonic acid content often resulted in a slightly higher decomposition temperature 
in the second stage (the first stage was not affected). In short, the SPM membranes were 

































Figure 7.7 Typical TGA curves of SPM membranes 
 
7.3.4 Proton Conductivity 
 
The proton conductivities of the SPM membranes at room temperature are shown in 
Fig.7.8. Proton conductivity was highest in the SPM3 membranes at 0.01 S/cm, which is 
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Figure 7.8 Proton conductivity of SPM membranes at room temperature 
 
The temperature dependence of proton conduction followed approximately the Arrhenius 
relationship, i.e. lnσ varied linearly with
T
1 , where σ is proton conductivity (in S/cm). The 
Arrhenius plots of the SPM membranes are shown in Figure 7.9. Generally temperature 
affects both the hopping of protons over matrix water molecules (the hopping 
mechanism) and the creeping of the hydrophilic polymer segments (segmental motion 
mechanism), with the former requiring a lower activation energy than the latter. The 
reference Nafion®117 sample fitted the Arrhenius relationship well, as is expected from 
hopping conduction by way of the water channels in Nafion®. Segmental motion of the 
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 polymer backbone contributed little to proton conduction in SPM1 membranes because 
crosslinking had greatly reduced the polymer mobility. The segmental motion was 
therefore unable to effectively shuttle protons between the sulfonic acid groups. With the 
increase in the SPM content, the number of sulfonic acid groups increased and the mean 
path length between sulfonic acid groups was shortened. On the other hand, the addition 
of TFPM to the main chain of P(SPM-GMA-AN) in SPM2 membranes increased the 
repulsion between the hydrophilic SPM side chains and the hydrophobic (AN-TFPM) 
side chains in the amphiphilic copolymer, which increased the free volume in the 
amphiphilic copolymer network, and hence increased flexibility. The structural changes 
also resulted in increased water uptake in the SPM2 membranes (Figure 7.6), which was 
helpful to proton transport.     
 
Expectedly the SPM3 membranes showed the highest proton conductivity among the 
SPM membrane series, which could be attributed to a number of reasons (1) the presence 
of additional sulfonic acid groups in the quaternarized piperazine side chains resulting in 
shorter distance between the proton hoping sites; (2) increase in network flexibility and 
free volume because of the introduction of the bulky quaternarized piperazine side 
chains; and perhaps most importantly, (3) the contribution of quaternarized piperazine 
side chains to proton conduction. This is because the transformation of amine to 
quaternarized N+ decreased the basicity of the amine group in the piperazine structure, 
enabling the amine moieties to behave more like proton sweeping sites than as the proton 































7.3.5 Methanol Permeability 
 
The methanol permeabilities of SPM membranes at 25oC in 2.0M methanol solution are 
shown in Fig.7.10. The methanol permeability of Nafion®117 was measured to be 
1.98×10-6cm2/s under the same condition; which agrees well with the literature value 
(Elabd et al., 2003). Fig.7.10 shows clearly that the methanol permeabilities of the SPM 
membranes were lower than the methanol permeability of Nafion®117. Furthermore, the 















 systematic trend. Methanol permeability increased with the sulfonic acid contents in each 
of the SPM series. This is understandable since the increase in sulfonic acid groups would 
increase the membrane hydrophilicity generally, where methanol could be transported 
through the water channels. It is also consistent with the trend of water uptake in Figure 
7.6. 
 
Methanol permeation occurred mainly in the hydrophilic phase which could be easily 
solvated by methanol solution. Nafion®, despite forming densely packed nanostructured 
hydrophilic channels, actually consists of low-molecular weight sulfonated 
perfluoropolymer molecules which are easily solvated by methanol solution because of 
their relatively short hydrophobic chains. Consequently methanol crossover is high in 
Nafion®. In this context, the increased hydrophobicity of the SPM membranes based on 
an amphiphilic network design offers a definite advantage. The acrylic-based 
co-monomers (AN in SPM1; and AN and TFPM in SPM2 and SPM3) which constituted 
the hydrophobic structural components of the amphiphilic copolymer were naturally 
methanol blocking. The relatively low methanol permeability of the SPM1 membranes 
could be attributed to their repulsion of methanol molecules at the molecular level due to 
their tight cross-linking network. Though the hydrophobic structural component TFPM 
was introduced in the SPM2 and SPM3 membranes, the structural changes in SPM2 and 
SPM3 membranes as discussed above enlarged the water channels in the copolymer 
(Figure 7.6) as a side effect. The methanol permeability of SPM2 and SPM3 membranes 
was increased as a result. Nevertheless, the SPM membranes were all more effective than 
Nafion® membranes in inhibiting methanol passage. 
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Figure 7.10 Methanol permeability of SPM membranes 
 
7.4 Conclusion  
 
Crosslinked amphiphilic copolymers were used for the preparation of proton exchange 
membranes for direct methanol fuel cell applications. In the design 3-sulfopropyl 
methacrylate (SPM) was deployed as the main proton source. Glycidyl methacrylate 
(GMA), acrylonitrile (AN) and 2,2,3,3-tetrafluoropropyl methacrylate (TFPM) in various 
quantities were used to construct the hydrophobic structural phase that inhibited methanol 
passage. In a particular design (SPM3 membranes), a pedant quaternarized piperazine 
group effective as a proton sweeper was introduced to the side chain via the epoxy group 
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 of the GMA unit in P(SPM-GMA-AN-TFPM). Ethylene diamine was used as the 
crosslinking agent to impart mechanical strength to the membranes. The presence of a 
homogeneous membrane structure for all the SPM membranes was evinced by FESEM 
imaging and DSC measurements. The effects of changes in the copolymer structure and 
sulfonic acid content on water uptake, ion-exchange capacity, temperature-dependent 
proton conductivity, and methanol permeability were evaluated and discussed. The SPM3 
membranes displayed good application properties: proton conductivity was of the order 
of 10-2 -7 S/cm at room temperature, and methanol permeability of 10  cm2/s was an order 
















 CHAPTER 8 
 
CONCLUSIONS & RECOMMENDATIONS 
 
This thesis study aimed at synthesizing methanol blocking proton-conducting polymer 
electrolyte membranes (PEMs) for direct methanol fuel cells (DMFCs). Relatively 
inexpensive monomers, 2-acrylamido-2-methyl propanesulfonic acid (AMPS) and 
3-sulfopropyl methacrylate (SPM) in particular, were used as the distributed proton 
sources in a predominantly acrylic based copolymer network which provides the 
methanol-blocking functionality. It was found that with some fine tuning of the 
polymerization methods and the composition of the polymer host, PEMs with improved 
DMFC performance relative to that of the Nafion® membranes could be obtained. The 
important findings of this work are summarized below: 
 
(1) Asymmetric laminar proton conducting PEMs were obtained by embedded 
polymerization. This method of polymerization resulted in the formation of a proton 
conducting layer between two primarily hydrophobic outer layers, with overall very 
limited swelling in methanol. The middle layer consisted primarily of a crosslinked 
AMPS-2-hydroxyethyl methacrylate (HEMA) network functioning as the proton source. 
The two outer layers were a three-component acrylic polymer blend (TCPB) of 
poly(4-vinylphenol-methyl methacrylate) P(4-VP-MMA), poly(butyl methacrylate) 
(PBMA) and Paraloid® B-82 acrylic copolymer resins. While methanol blocking was the 
primary function of TCPB, TCPB was also designed to support proton conduction and 
 164
 effective interfacing with the proton source. Electrochemical measurements showed that 
these asymmetric membranes had low methanol permeability (10-8 -7~10  cm2/s), good 
proton conductivity (0.030 S/cm at 70oC) and good thermal stability. 
 
(2) The TCPB-AMPS PEMs were also formulated as a composite of two polymer 
systems: the predominantly hydrophobic acrylic based three-component polymer blend 
(TCPB) and a dispersed hydrophilic copolymer of AMPS, HEMA and 
2-hydroxyl-3-(diethanolamino)-propylmethacrylate (DEAPMA). The presence of 
microscale heterogeneity in the form of nano-size AMPS granules in a continuous 
amphiphilic matrix was detected. The methanol permeability of these blend membranes 
was in the range of 1.25-8 ×10-7 cm2 ® -6/s, lower than that of Nafion 117 (ca. 2.2-2.4 × 10  
cm2 o/s), while the highest proton conductivity at 50 C was about 1/3 of Nafion®117.  
 
(3) Colloidal polyaniline (PAn) particles were incorporated into a polymer host material 
during embedded polymerization. The PEM host was a hydrophilic network of 
AMPS-HEMA implanted in the hydrophobic matrix (TCPB) by embedded 
polymerization. The bar-shaped PAn(1) particles prepared by inverse miniemulsion 
polymerization, which contained a higher fraction of quinoid diimine units than the 
scaffold-like PAn(2) particles prepared by interface polymerization, displayed a 
noticeably stronger promotional effect on  proton conduction. A mixed PAn oxidation 
state, such as that in the emeraldine form of PAn, showed the best enhancement effect. 
There also existed an optimal PAn loading in these composite PEMs, which was about 2 
wt% of PAn(1). 
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(4) The final part of this thesis study focused on a different PEM system fabricated from 
crosslinking amphiphilic copolymers, instead of using polymer composites to form an 
amphiphilic polymer matrix. In the design, 3-sulfopropyl methacrylate (SPM) was 
deployed as the main proton source. Glycidyl methacrylate (GMA), acrylonitrile (AN) 
and 2,2,3,3-tetrafluoropropyl methacrylate (TFPM) in various quantities were used to 
construct the hydrophobic structural phase that inhibited methanol passage. Ethylene 
diamine was used as the crosslinking agent to impart mechanical strength to the 
membranes. A homogeneous membrane structure was detected for all the SPM-based 
membranes. In a particular design (SPM3 membranes), a pedant quaternarized piperazine 
group acting as an effective proton sweeper was introduced to the side chain via the 
epoxy group of the GMA unit in P(SPM-GMA-AN-TFPM). The SPM3 membranes 
displayed very good application properties: proton conductivity was of the order of 10-2 
S/cm at room temperature, and methanol permeability of 10-7 cm2/s was one order of 
magnitude lower than that of Nafion® 117. 
 
Embedded polymerization was initially used to address the immiscibility between the 
hydrophilic AMPS-HEMA network and the predominantly hydrophobic TCPB network. 
Although improved electrochemical properties were obtained, the membranes had an 
asymmetric laminar structure. It is perceivable that the application performance could 
still be limited by the lack of complete homogeneity where the presence of weak interface 
between the phases could compromise mechanical strength and lead to higher water 
uptaske. The introduction of polyaniline colloidal particles was able to collapse the 
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 trilayer structure into a bilayer structure. While the proton conductivity at room 
temperature has notably been increased by this modification, the effects of polyaniline on 
other membrane properties were very marginal.  
 
Blend processing was used to obtain macroscopically homogenous TCPB-AMPS PEMs. 
Although blend processing is a relatively simple method, it still contained microscopic 
heterogeneity. Furthermore, the application properties were strongly dependent on the 
exactitude of formulations. In this project the best electrochemical performance was 
delivered by the SPM-based PEMs because they were produced from a copolymer and 
not from a polymer composite. As all of the composite membrane materials used in this 
study were based on alkyl hydrocarbon monomers, further improvements in their 
mechanical properties are still needed. A properly balanced polyalkyl-polyaryl system 
could be a potential solution. The measurements of membrane properties were all ex-situ 
of fuel cells, and the compatibility between these new materials and the current methods 
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